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Abstract 
Most consumers maintain body tissue Carbon:Nitrogen:Phosphorus within narrow 
constraints, despite ratios often varying markedly among basal resources. Elemental 
quality may be a major factor governing resource selection by, and production of, 
consumers. Elemental imbalances between resources and consumers could constrain 
the flux of matter through food webs. Here the aim was to characterise and quantify 
the distribution and flux of C, N and P in a headwater stream food web. 
The stream water was nutrient rich (TP=208 µg L
-1
; TON=7 mg L
-1
), resulting in low 
C:N and C:P of basal resources. Nevertheless, elemental imbalances were evident 
between consumers and basal resources, particularly for organisms feeding on 
detritus. Although taxonomic differences existed, detritivores were typically depleted 
in N and P compared to taxonomically related species. Detritus comprised 97% of 
the biomass entering the food web, resulting in excess consumption of C and, 
therefore, stoichiometric imbalances. 
75% of the tree canopy was removed from the heavily shaded experimental reach, 
resulting in a significant increase in benthic algae and a subsequent reduction in 
elemental imbalance and an increase in secondary production. It appears that 
stoichiometric constraints on secondary production were relaxed by increasing the 
availability of high quality resources in this detritus based food web. 
Most previous studies have calculated imbalances based on diet assumed from 
trophic level or functional feeding groups; however, the results presented here from 
gut contents analysis highlight the potentially erroneous interpretation of assumed 
measures of imbalance. Furthermore, static measures of elemental imbalances, i.e. 
the difference in elemental quality between consumers and their resources, do not 
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give an adequate measure of these constraints. The dynamic measures explored here, 
give an assessment of relative rates of supply (rate of consumption) and demand 
(from metabolism). Such dynamic measures are crucial to understanding the role of 
ecological stoichiometry in determining key ecosystem processes. 
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1.1 Human impacts on aquatic systems 
Human society depends, directly or indirectly, on the goods and services that 
ecosystems provide (http://uknea.unep-wcmc.org/). Continued human well-being 
depends on the ability of ecosystems to deliver these goods and services sustainably, 
yet human activities are having a profound impact on ecosystems 
(http://www.maweb.org/en/index.aspx). Species and the processes they drive are 
currently being lost globally at an unprecedented rate due to environmental stressors 
associated with human activity [e.g. pollution, habitat destruction (Pimm et al. 
1995)]. Furthermore, humans have introduced, both intentionally and accidentally, 
thousands of non-native species to aquatic ecosystems, with severe ecological and 
economic consequences (Cohen & Carlton, 1998). As well as direct effects on 
species and habitats, human activities affect ecosystems through more subtle, indirect 
mechanisms.  
Over the last century, human activity has led to extreme nutrient enrichment 
(‘hypernutrification’), often resulting in increased production of the recipient 
ecosystems (Vitousek et al., 1997; Carpenter et al., 1998). Intensification of 
agriculture alone resulted in global increases in fertiliser application of 3.5 and 7 
fold, respectively, for nitrogen and phosphorous between 1965 and 1995, and the 
application rate of both nutrients is expected to increase by another 3.5 fold by 2050 
(Cassman & Pingali, 1995; Tilman et al., 2001). Whilst this increased use of 
fertilizer has been associated with an increase in the production of food from 
agricultural land (Matson et al., 1997), there have been consequent effects on other 
ecosystems. Nutrient enrichment has affected freshwater and coastal systems 
throughout the world, altering community structure and rates of production and, 
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hence, the goods and services available from such ecosystems (Vitousek et al., 1997; 
Carpenter et al., 1998; Smith et al., 1999; Compton et al., 2011). 
Understanding the consequences of human impact on ecosystem structure and 
functioning is critical for strategic management of natural resources. However, the 
ecological implications of, and the mechanisms behind, these changes are often 
poorly understood. 
1.2 Food webs 
Food webs describe the feeding interactions within an ecosystem (who eats whom). 
Among the earliest descriptions of what today is recognised as a food web was 
Elton’s (1927) description of animal interactions, where he coined the terms “food 
chains” and “food cycle”. Early work on food webs mainly focussed on descriptions 
of the structure and organization of communities within ecosystems (Cohen, 1978; 
Briand & Cohen, 1984; Martinez, 1992). Among the structural concepts investigated 
was the ‘pyramidal’ structure of communities, with high densities of small primary 
consumers and low densities of large apex predators (“pyramid of numbers”; Elton, 
1927). Considerable early attention was given to linkage density L/S, where L is the 
number of trophic links and S is the number of species, and directed connectance 
(L/S
2
), using data describing binary food webs where no measures of interaction 
strength were included. However, it has been suggested by several authors that the 
structure of un-weighted links alone tells little about the outcome of perturbations on 
the population dynamics and extinctions of other species within the community 
(Levine, 1976; Holt, 1977; Paine, 1980; Vandermeer, 1980; Abrams, 1987; Paine, 
1988; Polis, 1991). In recent years, there has been a shift in the focus of food web 
research from exploring structural patterns towards quantification of linkage 
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strength, with workers concluding that the strength of interactions between species 
within a community is critical for the determination of how species respond to both 
one another and external perturbations (McCann et al., 1998; Berlow et al., 2004; 
O'Gorman & Emmerson, 2010; O'Gorman et al., 2010; Rip & McCann, 2011). 
Furthermore, quantification of interaction strength has enabled the calculation of the 
flux of energy within ecosystems (Polis & Strong 1996; Woodward et al., 2005a; 
Shurin et al. 2006; Ings et al., 2009). The majority of research on interaction strength 
to date, however, has focussed on predator-prey links: the strength of interactions 
between primary consumers and basal resources is a much neglected field (Berlow et 
al., 2004). Nevertheless, empirical measurements of interaction strength have 
improved our understanding of ecosystems and enabled the development of models 
with more predictive power than was previously possible using binary food webs 
(McCann et al., 1998; Montoya et al., 2009). 
1.3 Ecological stoichiometry 
The word “stoichiometry” originates from Greek and means “measuring elements”. 
In ecological stoichiometry, the elemental composition of trophic levels is compared 
(i.e. the elemental composition of resources and consumers). Disparities in the 
elemental composition of resources and consumers are considered elemental 
imbalances and potentially have consequences for the consumer in terms of growth 
and production (Sterner & Elser, 2002). The theoretical basis for this argument is that 
cells can only function over a limited range of elemental composition. Therefore, 
living organisms must regulate their elemental composition if the elemental supply 
ratios from resources deviate from the required cell ratios. Homeostasis is the 
resistance to change of the internal milieu: in ecological stoichiometry, this concept 
is described by Kooijman (1995) as “the ability of most organisms to keep the 
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chemical composition of their body constant, despite changes in the chemical 
composition in the environment, including that in their food.” Strict homeostasis in 
ecological stoichiometry indicates that consumer body elemental composition is 
completely independent of the chemical composition of their food. Currently, there is 
debate on how strictly consumers regulate their elemental composition and under 
what circumstances deviation from homeostasis occurs (Andersen & Hessen, 1991; 
Fagan et al., 2002; DeMott, 2003; Mulder & Bowden, 2007; Persson et al., 2010; 
Small & Pringle, 2010). However, it is well established that the regulation of 
elemental ratios is stricter in animals than in autotrophs (Sterner et al., 1998; Sterner 
& Elser, 2002; Persson et al., 2010).  
Any level of consumer elemental regulation can result in stoichiometric constraints 
on consumer growth and reproduction where elemental imbalances exist between 
resource and consumer (Anderson et al., 2004; Frost et al., 2005a). The effects of 
imbalances work at the level of the individual, but such effects on individuals have 
knock-on effects on population dynamics and, ultimately, community composition 
and ecosystem processes. Ecological stoichiometric theory marks an advance in food 
web ecology as it incorporates food quantity, food quality and consumer demand in a 
single framework (Woodward et al., 2010a,b). 
Most early work on ecological stoichiometry involved studies of the relationship 
between phytoplankton and zooplankton in pelagic communities (Elser & Hasset, 
1994; Sterner & Elser, 2002). In such systems, bulk measures of phytoplankton and 
zooplankton have been used to identify which nutrients are limiting zooplankton 
production and how the elemental quality of phytoplankton affects the growth rate of 
zooplankton (Sterner, 1993; Elser & Hassett, 1994; Sterner & Hessen, 1994). The 
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framework of ecological stoichiometry has improved our understanding of the 
population dynamics of natural populations of pelagic organisms (Andersen et al., 
2004; Mulder & Bowden, 2007). Subsequent laboratory experiments with individual 
species indicated that consumer species vary in their responses to changes in 
elemental quality of their diet. This in turn resulted in the development of the 
threshold elemental ratio theory (TER: Urabe & Watanabe, 1992). Feeding trials 
with resources of different elemental quality were originally used to calculate the 
TERs for C:N and C:P, above which N or P becomes limiting for consumer growth 
(Urabe & Watanabe, 1992). In more recent research, models including data on food 
availability, assimilation efficiency of resources and consumer elemental 
composition have been used to generate TERs for a range of species (Sterner, 1997; 
Frost & Elser, 2002; Frost at al., 2006). TER theory has been used to determine 
whether N or P was limiting secondary production but, as there is interspecific 
variation in TERs, it can also be used to disentangle competitive advantages between 
species (Urabe & Wanatabe, 1992; Frost et al., 2006). Furthermore, TERs can be 
used to predict changes in community composition with changes in elemental quality 
of resources. 
The elemental composition of consumers and resources in most studies of pelagic 
ecosystems has been derived as bulk measures, where the plankton has been split 
into size fractions and the coarse fraction assumed to be consumers (zooplankton) 
and the fine fraction resources (phytoplankton) (Elser & George, 1993; Elser & 
Hasset, 1994). Since many zooplanktonic animals are selective feeders (DeMott, 
1982; Knisely & Geller, 1986), such bulk measures of elemental imbalance seem 
crude at best and this simplification could potentially influence results and, therefore, 
our understanding of the mechanisms underlying the patterns observed. 
18 
 
The framework of ecological stoichiometry has also been applied to studies of the 
biochemical breakdown of organic matter and consumer-driven nutrient recycling 
(Vanni, 1996; Sterner & Elser, 2002). Numerous studies have found that consumer-
driven nutrient recycling is of paramount importance for sustained algal growth in 
pelagic systems (Schaus et al., 1997; Vanni & Layne, 1997; Vanni, 2002). 
Furthermore, it has been established that interspecific variation in consumer-driven 
nutrient recycling can determine whether primary producers are limited by N or P in 
pelagic systems (Sterner et al., 1992). Hence, any change in the ratios of C, N and P 
available to primary producers has potential implications for their elemental 
composition which, in turn, has implications for consumer productivity and 
community composition. This, via consumer driven nutrient recycling, completes the 
circle by determining the relative availability of nutrients for primary producers. The 
implications of changes in the relative availability of C, N and P are potentially wide 
ranging for population dynamics, community composition and productivity. 
1.4 Ecological stoichiometry in detritus based systems 
Most studies of ecological stoichiometry have been conducted in pelagic systems 
(marine and freshwater), in the majority of which small autotrophs are the main 
energy input at the base of the food web (Rip & McCann, 2011). In most other 
ecosystems, detritus is the main source of energy at the base of the food web 
(Cebrian, 1999). However, detrital systems have received far less attention than 
pelagic systems, despite representing a very large proportion of the global nutrient 
recycling (via decomposition of dead organic matter rather than by recycling via 
herbivory; Cebrian, 1999; Sterner & Elser, 2002). Therefore, a better understanding 
of ecological stoichiometry in detrital ecosystems is of great interest (Sterner & 
Elser, 2002). As higher plants have a high proportion of carbon rich structural tissue 
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(hemicellulose, cellulose, lignin etc), they have higher carbon to nutrient ratios than 
pelagic autotrophs (Cebrian, 1999). Most higher plants retract nutrients from their 
leaves before senescence, leaving fresh detritus more depleted in nutrients than living 
plant tissues and rendering it of poor elemental quality for consumers (Sterner & 
Elser, 2002; Cross et al., 2003). Once shed, the detritus will leach organic matter 
both in the terrestrial environment and in the stream resulting in significant in-stream 
concentrations of dissolved organic matter (DOM), often the largest pool of organic 
matter in streams (Allan & Castillo, 2007). However, this resource is not readily 
available to consumers; only microorganisms can utilize this resource directly. 
Leaching of DOM reduces the elemental quality of the detritus even further. 
Consumers of detritus are faced with the challenge of particularly large 
stoichiometric imbalances (Cross et al., 2003; Bowman et al., 2005); the 
ramifications of this on ecosystems are not fully understood. There is some evidence 
to suggest that detritivores have higher C:P TERs than grazers and predators, 
adapting them to detritus based systems (Frost et al., 2006). Although the elemental 
quality of detritus as a resource for consumers is normally improved by colonization 
by microorganisms associated with breaking down the detritus (Allan & Castillo, 
2007), the low elemental quality of detritus provides a potential stoichiometric 
challenge for consumers within detrital systems. To compensate for the poor 
elemental quality of detritus it is possible that consumers simply increase their rate of 
consumption (Siuda & Dam, 2010). Another potential strategy to cope with a low 
quality diet is to supplement the poor quality bulk diet with high quality resources, as 
has been described for grazing mammals supplementing a phosphorus deprived bulk 
diet with carrion (Bazely, 1989). A better basic understanding of the stoichiometry of 
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detrital ecosystems is needed before predictions of the implications of changes in 
elemental supply rates can be made. 
Here, I present the results of a study of the elemental composition of resources and 
consumers and the flux of nutrients (C, N & P) within a detritus-based, but in this 
case also nutrient enriched, headwater stream food web. Nutrient enriched detritus-
based ecosystems are a common phenomenon of agricultural landscapes yet have, 
hitherto, been surprisingly understudied (Kavanagh, 2010). I aimed to explore the 
stoichiometric imbalances and potential constraints thereof in an ecosystem based on 
detritus. 
1.5 Tadnoll Brook 
Tadnoll Brook (50°41’N, 2°19’W) is a second order tributary of the River Frome in 
Dorset, southwest England (Fig. 1.1), and has been the subject of numerous 
investigations (Casey & Newton, 1973; Welton, 1977; Welton, 1980; Welton & 
Clarke, 1980; Mann & Blackburn, 1991; Armitage et al., 2005). The catchment is 48 
kmP
2
, draining an area of chalk bedrock overlain by tertiary deposits of clay and sand. 
Although groundwater fed, the resultant water chemistry is circumneutral as a result 
of acidic heathland surface run-off. The experimental reach (means ± SE: width, 4.9 
± 0.2 m; depth, 0.22 ± 0.01 m; velocity, 0.31 ± 0.01 m sec
-1
; discharge, 0.35 ± 0.05 
m
3
 sec
-1
, 240 m long, 1,176 mP
2
) was situated 5.6 km downstream of the source and 
5.2 km upstream from the confluence with the River Frome. The reach was heavily 
shaded by riparian woodland, comprised of alder (Alnus glutinosa (L.) Gaertner), 
birch (Betula pendula Roth) and hazel (Corylus avelana L.), with occasional oak 
(Quercus robur L.) (Plate 1.1). As a consequence, there was little in-stream 
macrophyte growth: the stream bed was predominantly gravel covered with a biofilm 
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including attached algae (mostly diatoms and green algae), fungi and bacteria. The 
fish community was dominated by trout (Salmo trutta L.) and bullhead (Cottus gobio 
L.), with brook lamprey (Lampetra planeri Bloch) and eel (Anguilla anguilla L.) 
present at low densities. 
 
 
 
Fig. 1.1 Location of Tadnoll Brook 
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Plate 1.1 The experimental reach in April 2005 
 
 
1.6 Goals of this study 
As the experimental reach was heavily shaded and there was little in-stream primary 
production, I expected detritus to be the main energy input at the base of the food 
web. As I expected the system to be detritus-based, I also anticipated primary 
consumers would face stoichiometric imbalances. However, I expected basal 
resources in this hypernutrified system to have lower carbon to nutrient ratios than 
previously measured in nutrient poor systems. Furthermore, I predicted that the 
postulated higher elemental quality of resources in Tadnoll Brook would result in 
less pronounced stoichiometric imbalances for primary consumers than previously 
reported from nutrient poor systems. The overall aim of this work was to test the 
hypothesis that such imbalances impose severe constraints on key ecological 
processes, in particular secondary production. 
In order to test these hypotheses I collected quantitative samples of periphyton, 
particulate organic matter (POM), invertebrates and fish from the experimental reach 
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of Tadnoll Brook over two years. Elemental composition (C, N & P) of basal 
resources and consumers was determined. In addition, gut contents analysis of 
invertebrates and fish was used to establish and quantify feeding links within the 
food web. Quantification of the feeding links enabled calculation of the elemental 
composition of consumers’ actual diet and the flux of elements through the food 
web. 
In the first year, variation in consumer elemental composition was explored, and 
stoichiometric imbalances between consumers and assumed diet identified (Chapter 
2). Also in the first year, assumed diet imbalances, based on presumed diet, were 
compared with actual diet imbalances calculated from gut contents analysis (Chapter 
3). The flux of elements in the food web was then quantified and the relationship 
between rates of ingestion of elements and secondary production explored (Chapter 
4). After the first year’s investigation, 75% of the riparian vegetation was cleared to 
increase light supply to the stream. The increased light, combined with the high 
nutrient concentrations, was expected to result in increased primary production and, 
hence, standing stock of photosynthetic microbes. This postulated increased 
availability of high quality resources was expected to reduce stoichiometric 
imbalances resulting in increased secondary production (Chapter 5). 
Chapter 2 (“Consumer-Resource Elemental Imbalances in a Nutrient Rich Stream”) 
of this thesis explores the potential sources of variation in consumer elemental 
composition in Tadnoll Brook. There are likely to be phylogenetic (evolved) 
differences in elemental ratios among taxa due to differences in tissue types, 
although the relationship between the exploited diet and consumer elemental 
composition is not fully understood. In this chapter I explore this important 
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ecological question. Secondly, I establish whether or not any stoichiometric 
imbalances between feeding functional groups (FFG) of consumers and assumed 
resources were apparent in this nutrient rich stream. Thirdly, the distribution of N 
and P among the nodes of the food web was quantified, and changes between 
sampling occasions detailed. 
In Chapter 3 (“Elemental Composition of Consumer Gut Contents and the 
Regulation of Consumer Stoichiometry”), the composition of the gut contents of the 
consumers within the system is identified. The imbalances between consumers and 
the food ingested (as revealed by their gut contents) is estimated and compared with 
imbalances calculated using FFG to assign diet (Chapter 2). Furthermore, I explore 
the degree of stoichiometric regulation exhibited by the consumers within the system 
as a whole, both within the various FFG and within taxonomic groups. 
In Chapter 4 (“Stoichiometric Constraints on Secondary Production”), I investigate 
the quantitative importance of different resources in terms of dry mass and nutrients 
(C, N & P) ingested in Tadnoll Brook. The relationship between nutrient ingestion 
rates and secondary production is also explored. 
Chapter 5 (“Effects of Increased Availability of High Quality Resources on 
Consumer Diet and Production”) deals with the effects of increased availability of 
high quality resources. In particular, the effect of increased availability of high 
quality resources in the form of primary production on consumer diet, elemental 
imbalance and secondary production is investigated. 
In Chapter 6 the results from Chapters 2-5 are synthesised and evaluated in terms of 
the implications of stoichiometric imbalances for secondary production.  
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2 Consumer-Resource Elemental Imbalances in 
a Nutrient Rich Stream 
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2.1 Introduction 
Ecological stoichiometry concerns the relative balance of key elements (particularly 
carbon, nitrogen and phosphorus) between consumers and their food (Sterner & 
Elser, 2002). If consumers must maintain the ratio of these elements within a 
relatively narrow range (homeostasis), any imbalance between consumers and their 
resources could limit key ecological processes, such as growth and production 
(Sterner & Elser, 2002; Cross et al., 2007). 
Many studies support the notion of consumer homeostasis, regardless of the 
elemental composition of their food resources (Hessen, 1990; Andersen & Hessen, 
1991; Sterner & Elser, 2002), although considerable consumer plasticity has been 
demonstrated by others (Cross et al., 2003; Liess & Hillebrand, 2005; Persson et al., 
2010; Small & Pringle, 2010). To understand why the elemental ratios of organisms 
may vary under certain circumstances, and the associated consequences for 
community structure and ecosystem processes, we must first identify the conditions 
under which such plasticity occurs. 
Although there are likely to be strong evolutionary constraints maintaining 
homeostasis (Hessen, 1990; Andersen & Hessen, 1991; Sterner & Elser, 2002), 
variation in elemental composition among organisms may arise through both long- 
and short-term mechanisms. Over long timescales, organisms may evolve tissues that 
differ in elemental composition (e.g. bone cf. chitin) such that phylogenetic 
differences could exist in elemental ratios. Over shorter evolutionary scales, species 
or populations may vary as they become adapted to their niche (e.g. by varying the 
relative proportions of tissues), with the supply of elements from food playing a role. 
Within species, individuals may vary in their requirements due to development stage, 
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body size, growth rate, etc., which are likely to be phylogenetically conserved (Elser 
et al., 1996; Bowman et al., 2005; Shimizu & Urabe, 2008). At even shorter, 
ecological time-scales individuals may display plasticity in elemental composition in 
response to the local conditions they experience, such as food availability. The 
availability of elements has the potential to constrain processes at all timescales: The 
interplay between these processes is critical to our understanding of ecological 
stoichiometry. 
It has been suggested that, when at equilibrium, the elemental composition of 
primary producers conforms to the Redfield ratio (106C:16N:1P; Redfield, 1958), 
and that consumers are constrained to this ratio. Much of the evidence supporting 
this assertion comes from pelagic communities of oceans and lakes (but see Wang et 
al., 2008), where ecological stoichiometry is comparatively well-studied (Hassett et 
al., 1997; Sterner & Elser, 2002). In pelagic systems, autochthonous basal resources 
often dominate inputs to the food web (but see Grey et al., 2001; Cole et al., 2006), 
consumers (e.g. zooplankton) typically have relatively constrained elemental ratios 
(Andersen & Hessen, 1991; Urabe & Watanabe, 1992; Doi, 2009), and recycling of 
nutrients is important in maintaining primary production (Elser & Hassett, 1994; 
Elser & Urabe, 1999). 
In many other aquatic and terrestrial systems, however, allochthonous (and 
particularly detrital) organic matter supports secondary production (Cebrian, 1999; 
Moore et al., 2004). This is true of many headwater streams, certainly in temperate 
areas, where terrestrial leaf litter is the main energy input (Wallace et al., 1997; Reid 
et al., 2008; Watanabe & Omura, 2008), despite it having far higher carbon to 
nutrient ratios than autochthonous production (Enriquez et al., 1993; Sterner & Elser, 
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2002; Cross et al., 2003). This critical external subsidy can account for >99% of the 
secondary production in some systems (Woodward et al., 2005a; Hildrew, 2009) 
although, because of poor nutritional quality (in terms of C:nutrients), there can be 
severe imbalances between the nutrient composition of consumers and resources 
(Elser et al., 2000; Cross et al., 2003; Frost et al., 2003), potentially resulting in 
limited secondary production (Hildrew, 2009). Previous studies of stream 
stoichiometry have focused mainly on systems with low concentrations of inorganic 
nutrients (particularly phosphorus) and resultant large stoichiometric imbalances 
have been described (Cross et al., 2003; Bowman et al., 2005; Hładyz et al., 2009). 
However recently more attention has been dedicated to nutrient rich systems (Singer 
& Battin, 2007; Small & Pringle, 2010). In more nutrient rich systems, less plasticity 
in elemental ratios should be expressed, particularly plasticity attributable to 
processes acting over shorter evolutionary and ecological timescales. To understand 
the occurrence of plasticity in elemental ratios more fully I investigated the 
ecological stoichiometry of a detritus based stream ecosystem where dissolved 
inorganic N and P were plentiful. 
The elemental composition and standing stocks of consumers and basal resources 
(i.e. the ‘nodes’) in the food web of the nutrient enriched Tadnoll Brook were 
quantified. There were three main objectives. Firstly, to explore potential sources of 
variation in consumer elemental composition. There are likely to be phylogenetic 
(evolved) differences in elemental ratios among taxa, and also possibly 
phylogenetically conserved intraspecific differences among individuals due to 
development stage, body size, growth rate, etc. (Elser et al., 1996; Bowman et al., 
2005; Shimizu & Urabe, 2008). If the consumers were displaying homeostasis we 
would expect variation in elemental ratios among animals in relation to their 
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taxonomic identity but not in relation to the particular diet exploited or to temporal 
variations in its quality (these last two would indicate flexibility over short term 
evolutionary and ecological timescales rather than homeostasis within phylogenetic 
constraints). Secondly, to determine if stoichiometric imbalances between consumers 
and the consumed were apparent in this nutrient rich stream. In theory, abundant 
dissolved inorganic nutrients should result in basal resources relatively rich in such 
elements and, therefore, a lower stoichiometric imbalance between consumers and 
their food than reported previously (Cross et al., 2003; Small & Pringle, 2010). 
Thirdly, to explore how N and P were distributed through the whole system and 
whether this changed between sampling occasions. Although stoichiometric 
imbalances are generally assessed by comparison of bulk measures of the elemental 
quality of tissues and resources, I would expect the elemental ratios of animals to be 
sensitive to changes in availability of elements from the resources they exploit (a 
combination of the elemental quality of the resource, its abundance, and the ability of 
the organism to sequester elements from that resource). To understand the potential 
influence of nutrient availability I quantified the size of elemental pools contained in 
the standing stock of benthic organic matter, living and dead, and dissolved and 
particulate matter in the water column. 
2.2 Methods 
2.2.1 Water chemistry 
Two litres of stream water were collected from 10 cm below the water surface 
monthly during 2005 for analysis of pH, and phosphorus and nitrogen 
concentrations. Total phosphorus (TP) concentration was determined from unfiltered 
water samples, whereas filtered water (0.45 µm membrane filter, Whatman, UK) was 
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used to determine soluble reactive phosphorus (SRP) and total dissolved oxidizable 
nitrogen (TON = NO3
2-
, NO2
-
). Organic phosphorus in the unfiltered sample was 
digested in hot potassium persulphate and 1N sulphuric acid (121 °C) to form SRP 
and the sample was then filtered. SRP present in the filtered water samples was 
reacted with an acid molybdate reagent, in the presence of antimony, to form a 
yellow-coloured phosphomolybdate complex. This was then reduced by the addition 
of ascorbic acid to form the intensely coloured phosphomolybdenum blue, which 
was quantified spectrophotometrically at wavelength 880 nm. TON was quantified 
by reducing all nitrate ions present in the filtered water sample to nitrite by reaction 
with hydrazine in alkaline conditions using cupric ions as a catalyst. This nitrite was 
then reacted with sulphanilamide and N-(1-naphthyl)-ethylenediamene 
dihydrochloride to form a red-coloured azo dye, which was quantified at wavelength 
546 nm. Water temperature (ºC) on the stream bed was measured every 15 mins 
throughout the study period using six data loggers in fixed positions (HOBO pendant 
UA-002-XX). 
To determine the conditions at the site relative to other rivers, nutrient concentrations 
were compared to data from European rivers obtained from the European 
Environment Agency database available at http://www.eea.europa.eu (7885 rivers for 
SRP concentration; 4681 rivers for TON concentration: extracted 10
th
 October 2010). 
2.2.2 Consumers and basal resources 
To estimate the standing stock of periphyton, particulate organic matter (POM), 
macroinvertebrates and fish, samples were collected in May and October 2005 
(representing periods when autochthonous production and allochthonous inputs, 
respectively, were expected to make their greatest contributions). Macroinvertebrate 
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density (numbers m
-2
) was quantified using a Surber sampler (0.06 m
2
; mesh aperture 
300 µm), with 20 sample-units taken on each date in a stratified-random design, 
distributed among in-stream habitats (margin/channel; 8/12) in proportion to their 
occurrence within the reach. Samples were preserved in the field in 4 % w/v formalin 
and subsequently sorted for macroinvertebrates, which were identified to the lowest 
possible taxonomic level (usually species; see Appendix A). Using an eyepiece 
graticule, linear dimensions of each individual were measured to the nearest 0.1 mm 
and used to estimate dry body-mass from published length-mass regressions (Smock, 
1980; Meyer, 1989; Burgherr & Meyer, 1997; Benke et al., 1999; Edwards et al., 
2008; Edwards et al., 2009). Biomass (g m
-2
) was then estimated as the product of 
mean individual dry mass and numerical density for each taxon. 
Fish density and biomass were estimated via two-pass depletion electrofishing (Seber 
& Le Cren, 1967) and benthic sampling (for bullhead [Cottus gobio] only). The 
experimental reach was electrofished using a generator (Honda EU 10i) and an 
Electracatch WFC4 with pulsed DC output at a frequency of 50 Hz and 1.25 amps. 
As bullhead abundance is difficult to estimate using electrofishing (Woodward et al., 
2008), a modified Hess sampler (0.12 m
2
) was used, which was deployed 30 times on 
each date, using the same stratified-random regime as that employed for the Surber 
samples. 
The remaining material from the sorted Surber samples was rinsed through two 
stacked sieves (1 mm and 250 µm mesh aperture) to determine the coarse particulate 
organic matter (CPOM: particles > 1 mm) and fine particulate organic matter 
(FPOM: particles > 250 µm but < 1 mm) fractions. To quantify ash-free dry mass, 
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this material was then dried at 85ºC to constant mass and subsequently ashed at 
550°C for 24h. 
On both sampling occasions, 10 stones were selected randomly from the stream bed 
and the periphyton was removed from a 6 x 6 cm area (delineated by a template) of 
the upper surface using a toothbrush. On return to the laboratory the periphyton 
suspension was made up to 300 ml and divided into three aliquots. One aliquot was 
filtered through pre-weighed filters (Whatman GF/C), oven dried to constant mass 
and the dry mass of periphyton per unit area calculated. The second aliquot was 
filtered using Whatman GFC filters, and chlorophyll-a content determined 
spectrophotometrically after extraction in 90% cold acetone for 24 h (Talling & 
Driver, 1961; Results presented in Chapter 5). The third aliquot was preserved for 
algal counts (results not presented here). 
2.2.3 Elemental composition of consumers and resources 
On both sampling dates, additional material was collected specifically for the 
analysis of elemental composition. Specimens of the numerically dominant or 
trophically important (i.e. large taxa) macroinvertebrate taxa in the benthos were 
collected by kick sampling, sorted live and identified. Fish were caught using an 
electrofisher, as described above, and three specimens of each species (or, for brown 
trout (Salmo trutta), three per year class) were sacrificed. In-stream particulate 
organic material was collected with a pond net (mesh size 300 µm) from depositional 
habitats, sorted and sieved into CPOM and FPOM fractions, as described above for 
the Surber samples. The fine fraction was then elutriated to minimise the amount of 
inorganic material. Periphyton was removed from the upper surface of five stones 
using a toothbrush and a 20 ml aliquot of the resultant suspension from each was 
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passed through a pre-weighed filter (Whatman GF/C). All samples were frozen (-
17ºC). The samples were thawed, dried at 85ºC to constant mass and homogenised 
using a mortar and pestle. Whole animals were homogenised for both fish and 
invertebrates. Where there was sufficient material (8-10 mg DM), three replicates 
were analysed for elemental C, N and P. 
Depending on individual body mass, the number of individuals required for 
elemental analysis ranged from 1 to 30. Linear dimensions of all individuals were 
measured and for each invertebrate species, similar sized individuals were analysed. 
Half of each sample was used to determine the C and N content using an elemental 
analyser (Flash EA 1112, Thermo-Finnigan) calibrated with known quantities of 
urea. The other half of the sample was used to determine phosphorus content 
spectrophotometrically. Following initial combustion at 550ºC, and digestion in hot 
potassium persulphate and 1N sulphuric acid (121 °C), total phosphorus was 
determined spectrophotometically with a Seal Instruments AQ2 discrete autoanalyser 
(Seal Analytical), using method number EPA-119-A Rev. 3 (based on United States 
Environmental Protection Agency method 365.1). 
To determine the distribution of N and P in the community, the size of the elemental 
pools of N and P contained within each functional feeding group (see below) and 
basal resource were calculated from elemental composition and standing biomass (as 
determined above). Elemental pools of N and P in the water were calculated from 
measured concentrations (as determined above) and mean volume of water per 
square meter. As the calculated pool of elements in the water represented the 
instantaneous standing stock, the rate of replenishment via inflow of water was 
calculated from measured discharge and concentration. Total C, N and P are reported 
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as percentage of dry mass, whereas elemental ratios (C:N:P) are reported on a molar 
basis. For the purposes of comparing consumers and resources, macroinvertebrates 
were assigned to functional feeding groups (FFG: Moog, 1995; Merrit & Cummins, 
1996; See appendix B). 
Elemental imbalances were calculated as the arithmetic difference in elemental ratios 
between consumer FFG and putative resources, following Cross et al. (2003). I 
acknowledge that such comparisons of bulk measures of the elemental quality of 
tissues and resources are a coarse measure of elemental imbalance at best, but they 
enable comparison with previous findings. True elemental imbalances are the 
difference between the metabolic demand of the consumer for that element and the 
potential rate of supply from resources (a combination of the quality and quantity of 
resources, and the ability of the consumer to sequester elements from those 
resources). 
2.2.4 Statistical Analysis 
Differences among higher taxonomic groupings (largely Order with the exception of 
the Class Malacostraca and the Clade Teleostomi; hereafter referred to as order) were 
compared using two-way ANOVA, with species as a random effect nested within 
order, followed by post-hoc Tukey’s LSD pair-wise comparisons. Due to the 
unbalanced nature of the data, and because species have a unique combination of 
order and FFG, a fully crossed design was not possible. Instead, analyses of variation 
a) within orders between FFG, and b) within FFG between orders, were performed 
separately using one-way ANOVA and Tukey’s tests.  
To avoid the confounding effects of changing community composition on temporal 
differences in elemental ratios, only those species that occurred on both dates were 
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compared between functional feeding groups, using a nested ANOVA General 
Linear Model. Differences in elemental ratios between occasions, but within species, 
were compared. Instantaneous growth rate was calculated from temperature and the 
biomass of the individuals used for elemental analysis, following Morin & Dumont 
(1994), and temporal differences in growth rate within species between functional 
feeding group compared following the same design nested ANOVA General Linear 
Model as that used for temporal variation in elemental ratios. Directional changes 
between May and October in ratios within FFG were then identified using paired t-
tests with Bonferroni corrected α-values. 
2.3 Results 
2.3.1 Chemistry 
The stream water was circumneutral (pH 6.9 – 7.7) and mean (±SE) annual total 
phosphorus (TP), soluble reactive phosphorus (SRP) and total oxidisable nitrogen 
(TON) concentrations were 207.6 ± 32.0 µg L
-1
, 122.9 ± 26.9 µg L
-1
, and 7.0 ± 0.2 
mg L
-1
, respectively. These concentrations of TON and SRP placed Tadnoll Brook at 
the upper end (i.e. in the upper quartile and above the mode) in the distribution of 
nutrient concentrations in European rivers, but not at the extreme (Fig. 2.1). 
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Fig. 2.1 Nutrient concentrations in European rivers and the relative position of 
Tadnoll Brook. a) SRP concentrations in European rivers based on data from 7885 
rivers. b) TON concentrations in European rivers based on data from 4681 rivers. 
The arrows indicate the relative position of Tadnoll Brook. These data were obtained 
on 10th October 2010 from the European Environment Agency database available at 
http://www.eea.europa.eu 
2.3.2 Elemental composition of consumers and basal resources 
Carbon content 
The mean carbon content of the consumer functional feeding groups varied between 
41.6 ± 3.4 % (mean ± SE) for collector-gatherers in October, and 52.3 ± 0.27 % for 
shredders in May (Fig. 2.2a). The mean carbon content of basal resources ranged 
from 18.7 ± 5.4 % for periphyton in October to 46.3 ± 0.5 % for CPOM in October. 
Among consumers, only shredders showed significant temporal variation in carbon 
content, which was greater in May (paired t-test; P < 0.05). None of the basal 
resources showed significant temporal variation in carbon (paired t-test; P > 0.05). 
Nitrogen content 
Mean nitrogen content of the consumer groups ranged from 6.5 ± 0.5 % for 
shredders in October to 12.2 ± 0.9 % for predatory fish in May (Fig. 2.2b). 
Secondary consumers, both fish and invertebrate predators, had significantly higher 
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nitrogen content than primary consumers other than collector-filterers (Fig. 2.2b). 
Nitrogen content of the basal resources ranged from 1.9 ± 0.1 % in CPOM in 
October to 4.2 ± 0.3 % in macrophytes in May. However, all basal resources had 
significantly lower nitrogen content than any consumer group. There was little 
temporal variation in nitrogen content although the percentage nitrogen content of 
shredders was significantly lower in October than in May (paired t-test; P < 0.05). 
Phosphorus content 
Mean phosphorus content of invertebrate consumers ranged from 0.37 ± 0.08 % for 
shredders in October to 0.97 ± 0.14 % for scrapers in October, whilst the mean 
phosphorus content of predatory fish was significantly higher, exceeding 2 % (Fig. 
2.2c). The phosphorus content of primary invertebrate consumers was generally 
higher in October than May (Fig. 2.2c). The mean phosphorus content of basal 
resources varied between 0.21 ± 0.01 % for CPOM in May to 1.31 ± 0.09 % for 
periphyton in October. 
C:N:P 
Mean C:N of the consumer FFGs ranged from 4.4 ± 0.2 in predatory fish in October 
to 8.2 ± 0.7 for shredders in October (Fig. 2.2d). Basal resources, except periphyton, 
had carbon to nitrogen ratios two to five times higher than that of the consumers. The 
C:P of basal resources ranged from 37 ± 11 for periphyton in October to 602 ± 99 for 
CPOM in October (Fig. 2.2e), with CPOM having a significantly higher ratio than 
both consumers and any other basal resource. Because of their high phosphorus 
content, predatory fish had significantly lower C:P than all invertebrates except 
collector-filterers. With the exception of fish, consumers had higher N:P than the 
basal resources (Fig. 2.2f).  
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Fig. 2.2 Mean elemental composition of fish and invertebrate FFG and basal 
resources in May and October 2005. Mean (± SE) is given for FFG using mean 
species values as replicates. a) carbon content by dry mass (%), b) nitrogen content 
by dry mass (%), c) phosphorus content by dry mass (%), d) C:N molar, e) C:P molar 
and f) N:P molar. In d), e) and f) the dotted line indicates the Redfield ratio. Those 
FFG that share the same letter are not significantly different (F10, 207, Tukey’s; P > 
0.05). FPR = fish predators, PR = invertebrate predators, CF = collector-filterers, CG 
= collector-gatherers, SC = scrapers, SH = shredders, PERI = periphyton, MAC = 
macrophytes, BRYO = bryophytes, FPOM = fine particulate organic matter and 
CPOM = coarse particulate organic matter. 
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2.3.3 Variation with taxonomic identity 
Malacostraca had a lower carbon and nitrogen content than any other order of 
consumers (Fig. 2.3a, b). There was little variation in carbon and nitrogen content 
between the other orders. The Teleostomi had higher phosphorus content than any 
other order (Fig. 2.3c), and bony fish and lampreys (Teleostomi and Agnatha) had 
low C:N relative to invertebrates (Fig. 2.3d). Teleostomi and Malacostraca had lower 
C:P and N:P compared with other orders (Fig. 2.3e, f). Among the insects, 
Ephemeroptera, Trichoptera, and Coleoptera had high C:P and N:P compared with 
the less heavily sclerotised Diptera. Oligochaeta showed considerable temporal 
variation in C:P and N:P between sampling dates. 
Comparison of elemental ratios of consumer orders within feeding modes 
demonstrated that, within collector-gatherers, Agnatha had a significantly lower C:N 
than the invertebrates and Malacostraca had significantly lower C:P and N:P than 
any other collector-gatherer invertebrates (Table 2.1a). Within predators, Teleostomi 
had lower C:N than any invertebrate order, and had lower C:P and N:P than any 
invertebrate order with the exception of Coleoptera (Table 2.1a). 
2.3.4 Variation with feeding mode  
Comparing elemental ratios of consumers within the same taxonomic order, but with 
different feeding modes, it was found that shredding Trichoptera had significantly 
higher C:N and C:P than Trichoptera belonging to any other FFG (Table 2.1b). 
Within the Ephemeroptera, the scrapers had significantly higher C:N and C:P than 
did collector-gatherers. Within the Diptera, the collector-gatherers had higher C:N, 
C:P, and N:P than any other FFG. Within Coleoptera predators had significantly 
lower C:P and N:P than collector-gatherers (Table 2.1b).  
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Fig. 2.3 Mean elemental composition of fish and invertebrate taxonomic orders in 
May and October 2005. Mean (± SE) is given for taxonomic orders using mean 
species values as replicates, some orders were only represented by one species and 
therefore have no error bar. a) carbon content by dry mass (%), b) nitrogen content 
by dry mass (%), c) phosphorus content by dry mass (%), d) C:N molar, e) C:P molar 
and f) N:P molar. In d), e) and f) the dotted line indicates Redfield ratio. Those 
orders that share the same letter are not significantly different (F11, 156, Tukey’s; P > 
0.05) 
  
 
41 
 
Table 2.1 Comparison of annual mean molar ratios of consumer tissue both between 
taxonomic orders within FFG and between FFG within taxonomic orders. a) orders 
within FFG (F3, 138), and b) FFG within orders (F3,76). Within each FFG (a) and order 
(b), those values that share the same letter (within each column) are not significantly 
different (as identified by Tukey tests P < 0.05). Note: results for some order/FFG 
combinations occur in both a) and b) but comparisons are independent. CF = 
collector-filterers, CG = collector-gatherers, FCG = fish collector-gatherers, FPR = 
fish predators, PR = invertebrate predators, SC = scrapers and SH = shredders 
a) 
FFG order C:N (± SD) C:P (± SD) N:P (± SD) 
 
 
CG/FCG 
Malacostraca 6.07 (± 0.72)
B 
73 (± 10)
A 
12.2 (± 2.3)
A 
Diptera 5.97 (± 0.57)
B 
229 (±39)
C 
38.8 (± 8.4)
BC 
Oligochaeta 5.48 (± 0.26)
AB 
430 (± 171)
D 
77.7 (± 29.5)
E 
Coleoptera 5.81 (± 0.69)
B 
235 (± 67)
C 
40.6 (± 11.4)
C 
Ephemeroptera 5.64 (± 0.58)
AB 
190 (± 47)
B 
34.2 (± 9.8)
B 
Agnatha 4.70 (± 0.22)
A 
244 (± 45)
C 
52.1 (± 10.7)
D 
 
 
PR/FPR 
Coleoptera 5.57 (± 0.63)
B 
141 (± 17)
B 
25.3 (± 2.7)
AB 
Odonata 5.32 (± 0.49)
B 
216 (± 40)
CD 
40.9 (± 8.1)
BCD 
Hirudinea 5.07 (± 0.78)
B 
266 (± 86)
D 
52.4 (± 14.5)
D 
Trichoptera 5.06 (±0.40)
B 
227 (± 110)
CD 
45.4 (± 23.2)
CD 
Diptera 5.03 (± 0.18)
B 
162 (± 47)
BC 
32.2 (± 9.1)
BC 
Teleostomi 4.42 (± 0.47)
A 
72 (±44)
A 
15.9 (± 8.9)
A 
 
SC 
Ephemeroptera 8.08 (± 1.50)
B 
305 (± 119)
B 
37.7 (±12.2)
B 
Trichoptera 6.66 (± 0.73)
AB 
161 (± 51)
A 
24.5 (± 8.4)
A 
Gastropoda 4.99 (± 0.10)
A 
147 (± 54)
A 
29.5 (± 11.1)
A
 
 
 
CF 
Bivalvia 5.62 (± 0.29)
A 
190 (± 46)
A 
33.5 (± 7.0)
B 
Trichoptera 5.16 (± 0.37)
AB 
161 (± 26)
A 
31.3 (± 5.1)
AB 
Diptera 4.97 (± 0.26)
B 
129 (± 27)
B 
26.1 (± 6.2)
A 
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b) 
order FFG C:N (± SD) C:P (± SD) N:P (± SD) 
Trichoptera SH 7.68 (± 0.94)
C 
373 (± 201)
B 
48.4 (± 25.0)
B 
SC 6.66 (± 0.73)
B 
161 (± 51)
A 
24.5 (± 8.4)
A 
CF 5.16 (± 0.37)
A 
161 (± 26)
A 
31.3 (± 5.1)
AB 
PR 5.06 (± 0.40)
A 
227 (± 110)
A 
45.4 (± 23.2)
AB 
Ephemeroptera SC 8.08 (± 1.50)
B 
305 (± 119)
B 
37.7 (± 12.2)
A 
CG 5.64 (± 0.58)
A 
190 (± 47)
A 
34.2 (± 9.8)
A 
Diptera CG 5.97 (± 0.57)
B 
229 (± 39)
C 
38.8 (± 8.4)
C 
PR 5.03 (± 0.18)
A 
162 (± 47)
B 
32.2 (± 9.1)
B 
CF 4.97 (± 0.26)
A 
129 (± 27)
A 
26.2 (± 6.2)
A 
Coleoptera PR 5.57 (± 0.63)
A 
141 (± 17)
A 
25.3 (± 2.7)
A 
CG 5.81 (± 0.69)
A 
235 (± 67)
B 
40.6 (± 11.4)
B 
 
2.3.5 Variation between May and October 
Among the basal resources, FPOM and CPOM did not differ in any of the elemental 
ratios with time (i.e. between May and October, P > 0.05). However, macrophytes 
had significantly higher C:P and N:P in October than in May (Fig. 2.4b, c). No basal 
resources showed significant change in C:N. Shredders were the only FFG to show a 
significant change in C:N over time (Fig. 2.4a), whereas temporal differences in both 
C:P and N:P were observed for other FFG: collector-gatherers and scrapers had 
significantly lower C:P and N:P in October than in May (Fig. 2.4b, c). The temporal 
variation in consumer elemental ratios could not be explained by differences in 
growth rate: when species were nested within FFG, there was no significant 
difference in the instantaneous growth rate of FFG between occasions (P > 0.1). 
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Fig. 2.4 Change in elemental ratios of FFG and basal resources between May and 
October 2005. a) C:N, b) C:P and c) N:P. Only taxa that were present on both 
occasions were used to determine change. Mean change is shown (± SE); positive 
change represents an increase in ratios from May to October and negative change a 
decrease. Those FFG and basal resources where the change was significantly 
different to zero were identified using paired t-tests and are indicated with an 
asterisk. FPR = fish predators, PR = invertebrate predators, CF = collector-filterers, 
CG = collector-gatherers, SC = scrapers, SH = shredders, PERI = periphyton, MAC 
= macrophytes, BRYO = bryophytes, FPOM = fine particulate organic matter and 
CPOM = coarse particulate organic matter  
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2.3.6 Standing stock of nitrogen and phosphorus in consumers and 
resources 
As well as variation in elemental quality of the biological components of the system 
there were differences in the biomasses of these components, which when combined 
resulted in variation in the standing stocks of N and P in these pools. In May, the 
standing stock of benthic organic matter, living and dead, in the system (i.e. not 
dissolved or particulate matter in the water column) contained an average of 4.24 ± 
0.92 g N m
-2
 and 0.59 ± 0.11 g P m
-2
 (N:P = 15.9 : 1): the equivalent values in 
October were 1.71 ± 0.14 g N m
-2
 and 0.27 ± 0.03 g P m
-2
 (N:P = 14.0 : 1). The 
majority of the standing stock of organic N and P was contained within the basal 
resources (FPOM, CPOM and periphyton) in both May (N = 82 % and P = 87 %) 
and October (N = 63 % and P = 65 %). Periphyton accounted for 16 % and 9 % of 
the total organic nitrogen, and 26 % and 15 % of the total organic phosphorus, in 
May and October, respectively. In May, 12 % of the total organic nitrogen and 22 % 
of the total organic phosphorus was in FPOM, whereas CPOM contained 49 % of the 
nitrogen and 37 % of the phosphorus. Within the consumers, fish predator tissue 
comprised a large proportion of the nitrogen and phosphorus (Fig. 2.5a). This was 
particularly apparent for phosphorus, where 73 % of the standing stock of consumer 
phosphorus was contained within the Teleostomi in both May and October 
(equivalent values for nitrogen were 52 % and 65 %, respectively). In total, 
invertebrates contained 9 % and 13 % of the organic nitrogen, and 4 % and 10 % of 
the organic phosphorus, in May and October, respectively. 
Compared with the nitrogen bound in benthic organic matter, nitrogen (both 
dissolved and suspended) was particularly abundant in the water column, with an 
average instantaneous standing stock of 1.55 g m
-2
 TON (cf. an average of 2.98 g m
-2
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benthic organic N). Phosphorus was also abundant in the water column, with an 
average instantaneous standing stock of 27.0 mg m
-2
 SRP (cf. 430 mg m
-2
 benthic 
organic P), though the relative availability of phosphorus in the water was lower than 
that of nitrogen (N:P = 126.5:1 (SRP) and 74.9:1 (TP)). These calculated 
instantaneous standing stocks of the water column component of the system do not 
account for the constant replenishment by flowing stream water. From the discharge 
and concentration of nutrients in the water I calculated that a mean (± SE) of 3.7 ± 
1.0 kg SRP and 213 ± 31 kg TON was transported past a given transect per day. 
By comparing the standing stock of elements in the consumers with that in their 
respective resources, it was clear that the pools of resources were larger for all FFG 
than those of the dependent consumers, with the exception of fish. Also, there were 
marked changes in the potential availability of N and P for consumers (i.e. pool of 
resource divided by pool of consumer) between May and October (Fig. 2.5b). In 
October, when pools of basal resources were smaller, the standing stocks of N and P 
in collector-gatherers (fish and invertebrate) and collector-filterers were almost as 
large as those in FPOM, the resource they depend up, and the standing stock of P in 
scrapers was large compared with that in periphyton (Fig. 2.5b). The relative 
availability of N from resource (CPOM) for shredders was much larger in October 
than in May (Fig. 2.5b). For other feeding guilds the relative availability of N from 
resource was similar in May and October. The relative availability of P from FPOM 
and periphyton was higher in May for the feeding guilds feeding on these resources 
(Fig. 2.5b). Relative P availability for shredders on the other hand was higher in 
May. When interpreting these results, it should be noted that the standing stock of 
elements in basal resources represents what is available for consumption at the time 
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of sampling, whereas the composition of consumers reflects what has been consumed 
up to the date of sampling. 
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Fig. 2.5 Distribution of standing stock of nitrogen and phosphorus in consumer FFG 
and basal resources and relative nutrient availability for consumers in May and 
Octobers 2005. a) Change in elemental pool sizes within FFG and basal resources 
between May and October and mean annual instantaneous standing stock in water 
(black bar). FFG and basal resources ranked according to size of nitrogen pool in 
May. b) Relative N and P availability, calculated as the pool of N or P in resource 
divided by the pool of N or P in the given FFG calculated for May and October. 
Pools of CG, FCG and CF have been collated as they share the same resource. FPR = 
fish predators, PR = invertebrate predators, CF = collector-filterers, FCG = fish 
collector-gatherers, CG = invertebrate collector-gatherers, SC = scrapers, SH = 
shredders, PERI = periphyton, FPOM = fine particulate organic matter and CPOM = 
coarse particulate organic matter. 
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2.3.7 Elemental imbalances 
Imbalances in C:N between consumers and resources were apparent in all FFG in 
Tadnoll Brook, although often small in magnitude (Table 2.2). Imbalances in C:P 
were larger but more variable among FFG (shredders, collector-filterers, fish 
predators); and in May invertebrate predators, and in October collector-gatherers, 
displayed imbalances. There was also considerable variation in C:P imbalances 
between May and October, with lower imbalances for fish and invertebrate predators, 
and higher imbalances for most primary consumers, in October. Imbalances in N:P 
were only apparent in fish predators. Comparing across published data on elemental 
imbalances in stream biota (Table 2.2), there was a trend of declining imbalances of 
C:P with increasing SRP concentration for shredders, collector-gatherers and 
collector-filterers, but not for other FFG. Despite imbalances of C:N and N:P being 
numerically smaller than of C:P, a similar trend of decline with increasing TN (in the 
water) was apparent for shredders and collector-gatherers and, for N:P, scrapers. 
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Table 2.2. Mean elemental assumed diet imbalances between consumer FFG and resources in Tadnoll Brook and published data from other 
streams. Streams ranked left-right according to SRP concentration in water. Data from Small & Pringle (2010) and Cross et al. (2003)  
   Mean elemental assumed diet imbalance 
  Site Sura-60 C53 C54 Tadnoll Brook Arboleda 
   Small & Pringle 2010 Cross et al., 2003   Small & Pringle, 2010 
    Reference Enriched May October  
  SRP µg L
-1
 2.8  7  46  123  135  
  TN µg L
-1
 220 29 383 7000 228 
Feeding group Food resource        
Shredders CPOM        
C:P   1829 to 1518 4360 2565 166 354 363 to 346 
C:N    66 75 19 21  
N:P    -7 0 -31 -9  
Collector-Gatherers FPOM       
C:P   1313 to 1294 738 396 -10 39 11 to -13 
C:N    28 23 15 17  
N:P    -15 -14 -31 -18  
Scrapers Periphyton        
C:P   -40 to -61 1372 476 -200 -95 -58 to -69 
C:N    2.5 -1.2 1.9 1.4  
N:P    142 267 -32 -16  
Collector-filterers FPOM        
C:P   1211   56 71 -2 
C:N      16 18  
N:P      -23 -16  
Invertebrate Predators Invertebrates (minus predators)     
C:P   27 to - 73 101 13 34 -28 75 to -74 
C:N    1 0.8 0.7 0.6  
N:P    9 0 0 -9  
Fish Predators Invertebrates        
C:P      198 96  
C:N      1.8 1.7  
N:P      27 12  
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2.4 Discussion 
In this study I investigated the elemental composition of the biological community in 
a nutrient rich stream, where I expected lower stoichiometric imbalances between 
consumers and their resources than have been observed in equivalent nutrient poor 
systems. The availability of inorganic nitrogen and phosphorus in Tadnoll Brook was 
high but not extreme for a European river (Fig. 2.1). However, when compared to 
many of the sites where the elemental composition of the main component pools 
within stream ecosystems has been studied (Table 2.3), the water of Tadnoll Brook 
has very high concentrations of nitrogen and phosphorus. In the Bowman et al. 
(2005) study of streams up- and downstream of anthropogenic nutrient inputs in the 
Rocky Mountains, the concentration of total phosphorus in the water varied between 
3 and 29 µg L
-1
 and dissolved inorganic nitrogen varied from 66 to 120 µg L
-1
. 
Further, in the experimental nutrient enrichment study of Cross et al. (2003), the 
concentration of SRP in the water was increased from 7 to 46 µg L
-1
 and that of (NH4 
+ NO3)-N from 29 to 383 µg L
-1
. In comparison, mean TP and TON in Tadnoll 
Brook exceeded 200 and 7,000 µg L
-1
, respectively. The streams at La Selva, Costa 
Rica studied by Small & Pringle (2010) comprised a large range of phosphorous 
concentrations (SRP 2-135 µg L
-1
), up to those experienced in Tadnoll Brook, 
although nitrogen concentrations were modest, NH4 + NO3 117-228 µg L
-1
. Under 
the nutrient rich conditions experienced in Tadnoll Brook, we might expect luxury 
uptake of nutrients by plants and photosynthetic microbes and higher microbial 
growth on other basal resources; minimal plasticity in consumer elemental ratios as a 
consequence of short term effects of the availability of elements from resources and 
stoichiometric imbalances to be reduced. 
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Table 2.3 Nutrient concentrations of water and elemental ratios (molar) of basal resources in stream ecosystems. PERI = periphyton; FPOM = 
fine particulate organic material and CPOM = coarse particulate organic material. 
a
 Bowman et al., 2005; 
b
 Cross et al., 2003; 
c
 Singer & Battin, 
2007; 
d 
Small & Pringle, 2010 and 
e
 Hładyz et al., 2009 
1
TON and 
2 
NH4 +NO3 
 SRP 
(µg L
-1
) 
TP 
(µg L
-1
) 
N 
(mg L
-1
) 
 
C:N  C:P  N:P 
     PERI FPOM CPOM  PERI FPOM CPOM  PERI FPOM CPOM 
Redfield      6.6    106    16  
Tadnoll 123 208 7.0
1 
 7.9-8.6 21-23 27-29  37-58 196-235 555-602  4.6-6.8 8-12 21 
Rocky Mountains
a
  3-29   13-66 - -  300-3900 - -  30-120 - - 
Coweeta
b
 7-46  0.03-0.38
2 
 4.6-8.7 29-34 73-82  845-1741 673-1015 3063-4858  201-318 23-28 39-67 
Austria
c
 8-50  1.1-1.7
2 
 8.5-8.6 11.7 -  79-101 52 -  9.4-11.8 4.4-4.9 - 
Costa Rica
d
 2-135  0.10-0.20
2 
 - - -  41-245 - 466-1986  5.4-28.9 - 17-66 
Ireland
e 
18  4.6
2 
   14-112    273-1984    7-62 
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As expected, the high nutrient concentrations in Tadnoll Brook were reflected in the 
low C:P and N:P of the periphyton when compared with other studies of freshwater 
periphyton and with Redfield ratios (Table 2.3), suggesting that the primary 
producers were not phosphorus limited. Further support is given by the study of 
Bowes et al. (2007) in the main River Frome (downstream from Tadnoll Brook), 
where nutrients were at similar concentrations to those at my study site: the addition 
of nitrogen and phosphorus had no effect on periphyton growth and P began to limit 
periphyton growth only at SRP concentrations below 90 µg L
-1
. The in-stream 
particulate organic matter in Tadnoll Brook also had relatively low C:P and N:P 
compared with ratios published previously (Table 2.3). This might reflect raised 
microbial conditioning stimulated by high nutrient concentrations in the water 
(Meyer & Johnson, 1983) which, when combined with the larger surface:volume of 
FPOM, might also account for the lower carbon to nutrient ratios of FPOM 
compared with those of CPOM (Findlay et al., 2002; Cross et al., 2005). 
Elemental ratios differed markedly among consumers but attributing causes to such 
differences is difficult: each species has only one taxonomic identity and usually one 
mode of feeding (though the food consumed by any one species can vary widely; e.g. 
Ledger & Hildrew, 2005). Nonetheless, it was clear that taxonomic relatedness was 
important, with different species having different “building blocks” (tissues of 
different elemental composition) depending upon their evolutionary history. For 
example, species within the Teleostomi and Malacostraca had significantly lower 
C:P and N:P than those from other orders, presumably due to the high concentration 
of phosphorus in the bony skeleton of the former and in the exoskeleton of the latter 
(Vrede et al., 1999; Sterner & George, 2000). Additionally, lampreys (only one 
species recorded in the current study, the deposit-feeding European brook lamprey 
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Lampreta planeri (Bloch)), teleost fish, and leeches contained high concentrations of 
nitrogen, leading to significantly lower C:N than other orders, presumably due to the 
high proportion of muscle tissue in their bodies (Mann, 1962). Hence, there were 
clear phylogenetic differences in the elemental ratios of consumers, which seem 
likely to reflect their respective long-term evolutionary trajectories. Nevertheless, 
diet appeared to influence elemental ratios. There were significant differences among 
FFG, both between and within phylogenetic groups; for example, shredding 
Trichoptera feeding primarily on CPOM (the basal resource with the lowest nutrient 
content; Fig. 2.2), had significantly higher carbon to nutrient ratios than caddis from 
other FFG (Table 2.1b). Suggestions of differences between predatory and non-
predatory Trichoptera have been made in previous studies (Cross et al., 2003, Liess 
et al., 2006). Although it is not possible to disentangle evolutionary responses 
between species per se, some of the variation in elemental ratios within phylogenetic 
groups appeared to be attributable to feeding and diet (i.e. taxonomic differences due 
to long-term evolution do not account for all the variation). 
Together with the basal resources having lower carbon to nutrient ratios than those 
reported from nutrient poor streams, elemental imbalances between primary 
consumers and resources were less pronounced, particularly in terms of C:P (Table 
2.2). Such amelioration of assumed diet elemental imbalances with increasing 
nutrient availability (as dissolved inorganic concentration) was not apparent for 
predators. Amelioration of elemental imbalances in primary consumers (particularly 
those dependent upon detritus) is likely to be a consequence of greater variation in 
the quality of basal resources among sites (relative to animal tissue). However, it 
should be noted that elemental imbalances calculated in this way, as arithmetic 
differences in elemental ratios between consumers and their putative resources, are 
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coarse proxy measures at best: true imbalances are a consequence of a mismatch 
between the metabolic demand of organisms and the rate at which they can sequester 
elements from the environment (a combination of the elemental quality of resources, 
their abundance, and the ability of the organism to exploit elements from those 
resources). To understand the availability of elements in Tadnoll Brook more fully, I 
determined the distribution of N and P within the food web. 
Despite a large supply of nutrients to the system, with high concentrations in the 
water being rapidly replenished, relatively small quantities of nitrogen and 
phosphorus were contained within the benthic organic material. The majority of the 
benthic N and P was contained within basal resources, but there was substantial 
variation in the pool sizes of N and P within basal resources between occasions. 
Furthermore, as a large proportion of the organic nutrients bound in consumers 
comprised relatively large, predatory fish (trout, eel Anguilla anguilla (L.) and 
bullhead), these benthic nutrients were locked in tissues with relatively slow turnover 
(Perga & Gerdeaux, 2005) and not readily available for further secondary production. 
In pelagic systems and low nutrient benthic systems, considerable effort has been put 
into describing and modelling nutrient recycling pathways (Elser & Urabe, 1999; 
Vanni et al., 2002; Evans-White & Lamberti, 2006; Sereda & Hudson, 2010). In the 
system described here, the excretion of nutrients by fish and invertebrates is unlikely 
to contribute significantly to primary production, as dissolved nitrogen and 
phosphorus are already very abundant and periphyton production is not limited by 
nutrient availability, as is potentially the case in many other European streams (Fig. 
2.1). 
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The standing stock of N and P available from resources changed for certain FFG 
between May and October. The standing stock of elements from resources exploited 
by collector-gatherers, collector-filterers and scrapers were smaller (relative to 
consumer stocks) in October than in May, whereas the standing stock of N available 
to shredders was larger (relative to consumer stock) in October than May. These 
changes were reflected in temporal variation in the elemental ratios of consumers 
feeding on these resources: collector-gatherers and scrapers had lower C:P and N:P 
in October than May and shredders had higher C:N, whereas the predators showed 
no such shift. The change in consumer elemental ratios from May to October in 
certain FFG did not appear to be related to the growth rate of individual species: 
growth rate did not vary consistently between occasions for any FFG. However, the 
change from May to October corresponded with the relative availability of nutrients 
from basal resources for these FFG (Fig. 2.5b). That is collector-gatherers and 
scrapers had relatively high availability of P over the summer months reflected in 
lower consumer C:P in October, whereas shredders had relatively low availability of 
N and P over the summer (Fig. 2.5b) which was reflected in high consumer C:N and 
C:P in October. As found in many other studies (e.g. Lamberti & Resh, 1987; Ledger 
& Hildrew, 1998) there was greater biomass of high quality algal resources over the 
summer compared with winter (mean standing stock 0.56 cf. 0.35 µg chl-a cm
-2
 
respectively; J. I. Jones et al. unpublished). As periphyton had much lower carbon to 
nutrient ratios than the POM, an increase in the proportion of periphyton in the diet 
of the primary consumers would reduce the carbon to nutrient ratios of their diet 
dramatically (Frost et al., 2005b). Correspondingly, the temporal change in carbon to 
nutrient ratios of the primary consumers body tissue was relatively small, and any 
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such difference would constitute a small change in the composition of the diet of 
predators. 
The theory of ecological stoichiometry typically assumes approximate homeostasis, 
while variation in elemental ratios in response to short-term pressures (rheostasis, 
sensu Sterner & Elser, 2002) is considered to be a rare phenomenon restricted to 
nutrient poor systems with limited availability of dissolved nitrogen and phosphorus 
(Frost & Elser, 2002; Liess & Hillebrand, 2005). The results presented here do not 
support these assumptions: Nutrient concentrations in the water were as high or 
higher than in any previous study, yet species dependent upon poor quality detrital 
resources had significantly higher carbon to nutrient ratios than closely related taxa. 
Furthermore, certain primary consumers varied in elemental composition over time, 
independently of growth rate. Studies of experimental nutrient enrichment of streams 
have shown variation in P uptake rate and elemental composition of primary 
consumers (but not predators) with nutrient availability (Cross et al., 2007; Gafner & 
Robinson, 2007; Rothlisberger et al., 2008). Comparisons among sites have 
produced contrasting results: Small & Pringle (2010) showed variation of elemental 
composition within species between streams in Costa Rica, whereas Evans-White et 
al. (2005) found little variation within species between streams in Michigan and 
Wisconsin, both US. In contrast to the results presented here, and those of Cross et 
al. (2003), Small & Pringle (2010) found variation in the elemental composition of 
predators with phosphorus availability, which could potentially be explained by a 
higher degree of P enrichment of prey body tissue in the study of Small & Pringle 
(2010). Variation in the elemental composition of certain species of consumers 
between sites, and in response to experimental nutrient enrichment, suggests 
adaptation of populations to local conditions, depending upon nutrient availability. 
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Further, modelling of organismal stoichiometry simulated fluctuations in the density 
of natural Daphnia populations much more successfully when adaptation, in the form 
of increasing nutrient use efficiency, was introduced (Mulder & Bowden, 2007). 
Although a single site was investigated, here I have shown that certain taxa in this 
nutrient rich stream vary in elemental composition between occasions within that 
site, apparently related to the availability of resources. Despite Tadnoll Brook being 
nutrient rich, primary production in this shaded stream is limited by light, and 
allochthonous detritus of poor quality comprises the majority of the available basal 
resources (Welton, 1977). Most previous stoichiometry works have studied 
planktonic systems that are frequently based on relatively high quality autochthonous 
resources (Sterner & Elser, 2002). In such systems aquatic macroinvertebrates show 
a higher degree of homeostasis than insects in terrestrial systems (Persson et al., 
2010). In contrast, the few studies of streams where benthic secondary production is 
based on detritus (not included in Persson et al., 2010) have reported rheostasis 
(Cross et al., 2003; Small & Pringle, 2010). It is possible that rheostasis is a 
characteristic of systems that are based on detritus, particularly where higher quality 
resources are available only seasonally. 
Stoichiometric imbalances did exist in this nutrient rich stream, although they were 
less pronounced than those reported in studies from nutrient poor streams. 
Furthermore, it was evident that consumer stoichiometry, although in part 
constrained by taxonomic identity, was also influenced by feeding mode, and the 
observed temporal variation in consumer elemental composition indicates some 
short-term plasticity within certain species. It appears that, even with a plentiful 
supply of inorganic nitrogen and phosphorus available to primary producers, food 
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quality may influence the elemental composition of consumers in this detritus-based 
system. 
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3 Elemental Composition of Consumer Gut 
Contents and the Regulation of Consumer 
Stoichiometry 
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3.1 Introduction 
Ecological stoichiometry concerns the relative balance of key elements (carbon, 
nitrogen and phosphorus) between consumers and their food (Sterner & Elser, 2002). 
It has been proposed that consumers must maintain the ratio of these elements within 
a relatively narrow range (homeostasis). If consumers cannot sequester elements 
from their resources at rates sufficient to maintain the required ratios, key ecological 
processes, such as growth and production, could be limited (Sterner & Elser, 2002; 
Cross et al., 2007; McGlynn et al., 2009). If we are to understand the role that such 
imbalances between the supply (resources) of and demand (metabolism) for elements 
play in constraining ecological processes we must first identify where they occur. 
A number of carefully controlled laboratory studies have investigated the response of 
consumers fed on resources of consistent type but varying stoichiometric ratios 
(Hessen, 1990; Andersen & Hessen, 1991). However, when studying the potential 
stoichiometric constraints on consumers under more natural conditions, much coarser 
methods are usually applied. In order to compare elemental ratios of consumers and 
resources, most previous studies of the stoichiometry of stream macroinvertebrates 
have used functional feeding groups (FFG: following Merrit & Cummins, 1996) to 
assign an assumed diet to consumers (Cross et al., 2003; Bowman et al., 2005; Small 
& Pringle, 2010; Chapter 2). These studies of stream ecosystems have all reported 
large stoichiometric imbalances, particularly between detritivores and their food 
(Cross et al., 2003; Bowman et al., 2005; Small & Pringle, 2010; Chapter 2). 
However, as FFG describes mode of feeding and not the actual diet, the use of FFG 
to ascribe resources to consumers is a coarse measure at best: stream 
macroinvertebrates are generally opportunistic feeders and, therefore, are not likely 
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to feed solely on only one resource type (Mihuc & Minshall, 1995; Mihuc, 1997; 
Ledger & Hildrew, 2000a; Ledger & Hildrew, 2000b). Shredders in particular, 
ascribed using FFG to the resource with the highest carbon to nutrient ratios (i.e. 
lowest quality resource), could in fact be ingesting resources with much lower carbon 
to nutrient ratios, thereby reducing the likelihood of elemental imbalances, whilst the 
opposite could be true for consumers ascribed high quality resources by their mode 
of feeding, such as scrapers. Thus, including a more accurate estimate of the diet of 
consumers in the calculation of elemental imbalances may better our understanding 
of their occurrence under natural conditions. 
Whilst giving an indication of the probable occurrence of elemental imbalances, 
calculations from bulk measures of resources and consumer tissues do not represent 
accurately the constraints on metabolism. True imbalances occur when there is a 
mismatch between the rate at which organisms can sequester elements from their 
resources and the rate of supply required to maintain metabolism. These are difficult 
measures to obtain under natural conditions, yet recognition of the basis of such 
imbalances can help guide our understanding. If we assume that consumers are 
unable to modify their metabolic demand for elements, any mismatch between 
resource and consumer represents an elemental imbalance. If we accept that the 
elemental composition of consumers may change in response to the availability of 
elements from resources, however, we must modify our interpretation of such 
mismatches. 
It is well established that autotrophs are capable of luxury consumption and storage 
of non-limiting nutrients, however animal cells are generally believed to have very 
low variability in stored nutrients not immediately linked to cellular function 
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(Miyashita & Miyazaki, 1992; Jaeger et al., 1997; Sterner & Elser, 2002). Many 
studies support the notion of consumer homeostasis, despite variation in the 
elemental composition of their food resources (Hessen, 1990, Andersen & Hessen, 
1991; Sterner & Elser, 2002), although several recent studies have indicated that 
consumers regulate C:P, in particular, less stringently than previously assumed 
(Cross et al., 2003; Liess & Hillebrand, 2005; Persson et al., 2010; Small & Pringle, 
2010). The factors that lead to such plasticity in elemental ratios are not known. It is 
possible that plasticity is an evolved response and is constrained to certain phyla 
whose metabolism (or tissues) can be maintained under a range of elemental ratios. 
However, it is likely that food plays an important role and it is likely that it is the 
taxa which feed on resources exhibiting temporal variation in elemental quality (or 
availability) which have adapted to respond through plasticity. To improve our 
understanding of how potential imbalances affect consumers we must understand to 
what degree consumers can regulate different elements. Furthermore, we need to 
understand what roles taxonomic identity and resource type play in determining the 
extent of regulation. 
In this study, the elemental composition of basal resources and consumers was 
quantified within a nutrient rich headwater stream. In addition, the composition of 
the gut contents of primary and secondary consumers within the system was 
identified. The first main objective was to quantify imbalances between consumers 
and the food ingested (as revealed by their gut contents) and to compare this with 
imbalances assumed using feeding functional groups (FFG) to assign diet. As stream 
macroinvertebrates rarely feed solely on one resource type the elemental imbalances 
experienced by detritivores were expected to be considerably smaller when 
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calculated using actual diet than those estimated by ascribing them to resources using 
FFG. 
The second objective was to investigate the degree of stoichiometric regulation 
exhibited by the consumers within the system as a whole, within the various FFG and 
within taxonomic groups. The consumers within the system were expected to display 
strong regulation of their elemental composition and consumer stoichiometric ratios 
were therefore expected to display limited, if any, correlation with elemental 
composition of ingested resources. 
3.2 Methods 
3.2.1 Site description and water chemistry 
Tadnoll Brook is a second-order tributary of the River Frome, Dorset, UK, draining a 
catchment of mixed geology (chalk, clay and sand). In 2005, a 240-m reach was 
sampled. Monthly samples of water chemistry revealed high nutrient concentrations 
(mean soluble reactive phosphorus [SRP] and total oxidisable nitrogen [TON] 122.9 
± 26.9 µg L
-1
 and 7.0 ± 0.2 mg L
-1
, respectively). For detailed site description see 
Chapter 1 (section 1.5) and for chemical analytical methods see Chapter 2 (section 
2.2.1). 
3.2.2 Dietary analysis of consumers (fish and invertebrates) 
Fish were caught in May and October 2005, using a generator (Honda EU 10i) and 
an Electracatch WFC4 with pulsed DC output at a frequency of 50 Hz and 1.25 
amps. After capture the fish were anaesthetised using 2-phenoxyethanol, length and 
weight recorded and the guts of trout (Salmo trutta) with a body length greater than 
70 mm were then flushed using a small manual water pump, and the contents 
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immediately preserved in 4% formalin. For smaller trout and other fish species, a 
number of specimens were sacrificed and frozen for subsequent dissection of the gut. 
In the laboratory, prey items in the gut contents were identified to species level 
where possible for aquatic prey and to family level where possible for terrestrial 
prey. Linear dimensions of all prey items were measured using an ocular graticule to 
the nearest 0.1 mm and published length-mass regressions were used to calculate the 
dry mass of the individual prey items (Smock, 1980; Meyer, 1989; Ganihar, 1997; 
Burgherr & Meyer, 1997; Benke et al., 1999; Gonzalez et al., 2002; Sabo et al., 
2002; Edwards et al., 2008; Edwards et al., 2009b). The dry body mass of identified 
prey items too digested to measure was assumed to be the average dry mass of 
ingested individuals of the same prey taxon by the given consumer on the given 
occasion. 
Macroinvertebrates were collected using a Surber sampler (0.06 m
2
; mesh aperture 
300 µm), with 20 sample-units collected and immediately preserved in 4% formalin 
in both May and October. Macroinvertebrates were identified to the lowest possible 
taxonomic level (usually species; see Appendix A). Individuals of macroinvertebrate 
taxa comprising more than 0.5% of the total macroinvertebrate abundance in the 
benthos or with an average dry mass larger than 0.3 mg were taken from the Surber 
samples from both May and October, and dissected for determination of gut contents. 
The length and diameter of each gut was measured to the nearest 0.1 mm. The 
contents of the gut were transferred to a microscope slide and fixed with Aquatex
®
 
(VWR International Ltd.), each slide containing the gut contents of one individual 
only. All slides were examined for animal prey at x 100 magnification. Animal prey 
were then identified at x 400 magnification, by comparison with reference slides, and 
linear dimensions measured in order to estimate dry body mass of the original whole 
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prey item from published length-mass regressions (see above). For slides containing 
only animal tissue the total biomass within each consumer gut was determined as the 
sum of the biomass of identified prey items. Where there was no relationship 
between identifiable parts and prey dry body mass (i.e. the chaetae of Oligochaeta) 
the mean dry mass of all individuals of identified prey (of all taxa) consumed by that 
particular predator taxon on the occasion in question was used. Most predatory 
macroinvertebrates of the same taxa present in the stream were of approximately the 
same size at any given time, reducing the impact of variation among individuals. All 
animal tissue found in the guts of consumers was assumed to be derived from those 
prey that could be identified from remains within the gut. Where no identifiable 
animal remains were present in a predator’s gut, any animal tissue present was 
allocated proportionally to the average diet of that taxon on that occasion. 
Basal resources in guts were identified at x 400 magnification and assigned to one of 
the following categories: CPOM (particle size > 1 mm), FPOM (particle size > 250 
µm but < 1 mm), diatoms (identified to genus), green algae (identified to genus), 
cyanobacteria, fungi, protozoa and animal tissue. An eyepiece graticule (1 cm x 1 cm 
divided into tenths i.e. 100 cells) was used to determine the areal proportion of each 
resource. The graticule (grid) was placed randomly, at x 400 magnification, in five 
different fields of view on each slide and the dominant food item in each of the 100 
cells determined. For each gut, the average areal proportion of the resources 
consumed was calculated from the five fields of view. Where traces of basal 
resources were present together with prey items, it was presumed that the basal 
resources were likely to have come from the guts of the prey rather than being 
consumed directly. For these individuals basal resources were not quantified. 
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The specific gravity of CPOM, FPOM and animal tissues was obtained by water 
displacement measurements. This was done by half filling a measuring cylinder with 
water and adding enough sample (water removed from sample material by drying 
between two pieces of filter paper for 5 seconds) to displace a set amount of water. 
For CPOM a 100 ml measure cylinder was used and enough CPOM added to 
displace 30 ml of water and for FPOM and animal tissue a 10 ml measure cylinder 
was used and material added to displace 5 ml for FPOM and 1.5 ml for animal tissue. 
The material and water was transferred into a pre-weighed tin foil box, dried at 85 ºC 
till constant weight and the dry mass of material weighed. Three replicates were 
measured for each resource.  
For slides containing both animal tissue and basal resources, the proportion of 
resources present was quantified (as described above). The proportion of animal 
tissue identified was allocated to prey taxa from the remains observed at x 100 
magnification according to the relative biomass ingested (determined from measured 
identifiable remains, see above). For those guts where identifiable remains of prey 
were observed at x 100 magnification, but no animal tissue observed in the five fields 
of view at x 400 magnification, 0.2% of resources were allocated to animal tissue, 
equivalent to the lowest amount that potentially could be recorded in the five fields 
of view. 
To calculate the biomass of food items in guts with basal resources (i.e. not predatory 
taxa, which had only prey in their guts) it was assumed that the guts were cylindrical 
and full, which also appeared to be the case in practice (Henderson et al., 1990). The 
volume of the gut was estimated from the measured length and diameter, and the 
volume of the identified resource types calculated in accordance to the mean areal 
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proportions obtained from the five fields of view. The volume of each consumed 
resource type was then converted to dry mass using the specific gravity of the 
resource type 
In total, 342 fish guts and 1146 macroinvertebrate guts were analysed. Gut contents 
from all fish species present in the stream were analysed. The macroinvertebrate taxa 
for which guts were analysed accounted for more than 93 % of the macroinvertebrate 
density in the benthos in both May and October. On both occasions suctorial 
predators accounted for the majority of the macroinvertebrate taxa for which gut 
contents analysis was not performed (5-6 %): due to the lack of identifiable remains 
in the guts of suctorial predators. 
3.2.3 Elemental composition of consumers and resources 
On both sampling dates, additional material was collected specifically for the 
analysis of elemental composition. Specimens of the dominant invertebrates were 
collected by kick sampling, sorted live and identified. Fish were caught using an 
electrofisher, as described above, and three specimens of each species (or, for trout, 
three per year class) were sacrificed. In-stream particulate organic material (CPOM 
and FPOM) and periphyton were collected (as described in Chapter 2; section 2.2.2). 
All samples were frozen (-17ºC). On analysis, the samples were thawed, dried at 
85ºC to constant mass and homogenised using a mortar and pestle. For both fish and 
macroinvertebrates, whole animals were homogenised. Where there was sufficient 
material (8-10 mg), three replicates were analysed for elemental C, N and P. Half of 
each sample was used to determine the C and N content using an elemental analyser 
(Flash EA 1112, Thermo-Finnigan) calibrated with known quantities of urea. The 
remaining half of the sample was used to determine phosphorus content 
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spectrophotometrically, following initial combustion at 550ºC (See Chapter 2; 
Section 2.2.3 for detailed description). 
Total C, N and P are reported as a percentage of dry mass, whereas elemental ratios 
(C:N:P) are reported on a molar basis. For the purposes of comparing consumers and 
resources, macroinvertebrates were assigned to functional feeding groups (FFG: 
Moog, 1995; Merrit & Cummins, 1996; See Appendix B). The diet of consumers 
was assumed on the basis of their FFG following Cross et al., 2003; Small & Pringle, 
2010: collector-filterers & collector-gatherers = FPOM, shredders = CPOM, scrapers 
= epilithon, invertebrate predators = invertebrates other than predators; fish predators 
= inveretebrates. 
Following Cross et al. (2003), elemental imbalances were calculated as the 
arithmetic difference in elemental ratios between consumer FFG and assumed 
resources (i.e. C:N imbalance for shredders: C:N of CPOM minus mean C:N of 
shredder taxa). Such comparisons of bulk measures of the elemental quality of 
tissues and resources are a coarse measure of elemental imbalance, although they 
enable comparison with previous findings. 
3.2.4 Statistical analysis 
The elemental composition of the actual diet was compared with the diet assumed 
from FFG by performing a one-way ANOVA on the delta value (actual composition 
minus assumed composition) to test if this variation was different between FFG. 
Where the two-way ANOVA test resulted in a significant difference, a paired t-test 
was used to determine which FFG had an actual diet different from the assumed diet. 
The level of stoichiometric regulation exhibited by the consumers within the system 
was evaluated by calculating the regulation coefficient H (eta) which compares 
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consumer stoichiometry with resource stoichiometry using the formula (Small & 
Pringle, 2010): 
   ( )     ( )   
    ( )
 
 
where y is the consumer stoichiometry, x is the resource stoichiometry and c is a 
constant. Hence, when the slope is small high values for H are returned, indicating 
strong regulation. Traditionally, this is done within a single consumer species but 
here I have extended the concept to compare all consumers. For this analysis 
consumers were grouped by either taxonomic relatedness or by FFG. I would expect 
species that are closely related taxonomically to have similar elemental composition 
and functionally similar species to express a similar response to supply ratios of 
elements in their diet (Chapter 2). 
3.3 Results 
3.3.1 Specific gravity 
The specific gravity (dry mass (mg):volume (mm
3
)) calculated from water 
displacement measurements were: CPOM = 0.23  ± 0.003; FPOM = 0.20 ± 0.003 and 
animal tissue = 0.23 ± 0.006. Specific gravities of photosynthetic microbes and fungi 
were obtained from Iversen (1973): photosynthetic microbes = 0.15 and fungi = 0.15. 
3.3.2 Consumer diet 
Consumers within FFG did not feed exclusively on the diet expected from their 
feeding mode (Fig. 3.1). Although the diet of collector-gatherers and collector-
filterers did consist mainly of FPOM (72-84%), as is assumed for their FFG, they 
also consumed a significant amount of CPOM (11-19%). In addition, in May, both 
collector-filterers and collector-gatherers had a considerable amount of 
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photosynthetic microbes in their diet (4.9 and 3.2% respectively). Animal tissue 
constituted up to 5.8% and 4.3% in collector-filterers and collector-gatherers 
respectively (Fig. 3.1). 
The diet of the invertebrate predators consisted of 75% and 90% macroinvertebrate 
prey in May and October, respectively, although they also consumed a significant 
amount of detritus, particularly in May (Fig. 3.1). The gut contents of scrapers 
consisted mainly of FPOM, constituting 91% and 89% in May and October, 
respectively, while only 4% and 10% of the diet consisted of photosynthetic 
microbes in May and October, respectively. 
CPOM was the dominant resource type of shredders, constituting 74% and 61% of 
the gut contents in May and October, respectively. Shredder diet also included 16% 
and 38% FPOM in May and October respectively, and in May 10% of the diet 
consisted of photosynthetic microbes of which the majority were filamentous greens 
 
Fig. 3.1 Composition of diet of the various FFG in May and October 2005. Mean 
percentage (by dry mass) of different food resources consumed. CPOM = coarse 
particular organic matter, FPOM = fine particular matter, FUNG = fungi, ALG = 
photosynthetic microbes (including diatoms, green algae and cyanobacteria) and INV 
= macroinvertebrate prey. CF = collector-filterers; CG = collector-gatherers, PR = 
invertebrate predators, SC = scrapers, SH = shredders and FPR = fish predators. 
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3.3.3 Elemental composition of actual diet 
Carbon to Nitrogen ratio 
The C:N of the gut contents of collector-filterers, collector-gatherers and scrapers 
ranged from 17.3 ± 2.1 (for collector-filterers in May) to 21.3 ± 1.0 (for collector-
gatherers in October) (Fig. 3.2). These ratios are very close to that of FPOM 
reflecting FPOM’s dominance in the diet of these FFG. For collector-filterers and 
collector-gatherers the C:N of the actual diet was close to that assumed on the basis 
of FFG, whereas the C:N of the actual diet of scrapers was considerably higher than 
that expected (Fig. 3.2). For predatory fish and invertebrates, the C:N of the gut 
contents ranged from 5.8 ± 0.1 for predatory fish in October to 8.0 ± 1.3 for 
predatory invertebrates in May. This closely matched the C:N expected, with the 
exception of invertebrates in May, when predatory invertebrates consumed a 
considerable amount of detritus (Fig. 3.2). The C:N of the gut contents of the 
shredders showed little variation between May and October, with a ratio of 25.4 ± 
1.9 and 25.6 ± 1.4, respectively. 
Carbon to Phosphorus ratio 
In May, the C:P of the gut contents of collector-filterers, collector-gatherers and 
scrapers ranged from 227 ± 2 in scrapers to 264 ± 9 in collector-gatherers. This was 
slightly higher than expected from the FFG for collector-filterers and collector-
gatherers and was considerably higher for scrapers (Fig. 3.2). In October, the C:P 
ratio of the gut contents of collector-filterers, collector-gatherers and scrapers was 
considerably lower than in May, and ranged from 151 ± 9 in scrapers to 201 ± 11 in 
collector-gatherers. This was very close to that predicted for collector-filterers and 
collector-gatherers but considerably higher than expected for scrapers. In predatory 
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invertebrates and fish, the C:P of gut contents ranged from 201 ± 19 to 234 ± 13 and 
159 ± 22 to 185 ± 6, respectively, with the highest ratios occurring in May for both 
groups. The C:P of the gut contents of shredders was 464 ± 46 and 344 ± 67 in May 
and October, respectively, considerably lower than expected (Fig. 3.2). 
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Fig. 3.2 Comparison of mean elemental composition of the assumed and actual diet 
of FFG for May and October 2005. For both May and October, there are six graphs 
showing actual and assumed percentage carbon, nitrogen and phosphorus content of 
diet and actual and assumed stoichiometric composition of diet in terms of C:N, C:P 
and N:P. Black bars show means (± SE) of the assumed diet and the open bars show 
means (± SE) of the actual diet. Asterisks indicate significant difference between 
actual and assumed elemental composition within an FFG (Two-Way ANOVA of the 
difference between assumed and actual diet, DF4.34, P < 0.05, followed by paired t-
test, P < 0.05). CF = collector-filterers, CG = collector-gatherers, PR = invertebrate 
predators, SC = scrapers, SH = shredders and FPR = fish predators.  
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Nitrogen to Phosphorus ratio 
In May, the N:P of the gut contents of collector-filterers, collector-gatherers and 
scrapers ranged from 11.4 ± 0.1 and 16.0 ± 4.1 (for scrapers and collector-filterers, 
respectively). In October, the gut contents of collector-filterers, collector-gatherers 
and scrapers had considerably lower N:P, ranging from 7.4 ± 0.2 in scrapers to 10.1 
in collector-gatherers. In both May and October, the N:P of the gut contents of 
scrapers was considerably higher, and that of collector-filterers and collector-
gatherers slightly higher, than expected by FFG. N:P of the gut contents of predatory 
invertebrates and fish ranged from 26.6 ± 3.7 to 34.9 ± 3.7, both in October. The N:P 
predicted for predatory fish using FFG was higher than that determined by gut 
contents in both May and October (Fig. 3.2). Shredder gut contents had an N:P 
varying from 13.2 ± 2.0 in October to 18.3 ± 0.7 in May, both lower than that 
predicted by FFG. 
3.3.4 Elemental imbalance 
Carbon to Nitrogen ratio 
Elemental imbalance between the C:N of gut contents and consumer body tissues 
(hereafter referred to as actual diet imbalance) existed for all FFG feeding mainly on 
basal resources (i.e. collector-filterers, collector-gatherers, scrapers and shredders). 
These actual diet imbalances ranged from 12.8 in collector-filterers in May to 17.5 in 
shredders in October (Table 3.1). For all FFG supposedly feeding on detritus (i.e. 
collector-filterers, collector-gatherers and shredders), the actual diet imbalances in 
C:N were 0.3 to 3.0 smaller than those assumed on the basis of FFG (Fig. 3.3), 
whereas the actual diet imbalance for scrapers was considerably larger (11.4-12.6) 
than the assumed diet imbalances predicted by FFG (Fig. 3.3). The actual diet 
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imbalance calculated from the gut contents of predatory invertebrates and fish was 
small, ranging from 0.6 to 2.7 (Table 3.1), closely matching the assumed diet 
imbalance predicted from FFG with the exception of predatory invertebrates in May 
(Fig. 3.3). 
Carbon to Phosphorus ratio 
Actual diet imbalances in C:P were detected for all FFG supposedly feeding on 
detritus. This imbalance ranged from 11 (collector-gatherers in May) to 113 
(shredders in October; Table 3.1). The actual diet imbalances measured for collector-
filterers and collector-gatherers were close to the assumed diet imbalances predicted 
from FFG. However, the actual diet imbalances for shredders were considerably 
smaller than the assumed diet imbalances predicted from FFG (Fig. 3.3). For 
scrapers, actual diet imbalances existed in October but not in May, although actual 
diet imbalances for scrapers were much larger than the presumed diet imbalances 
predicted by FFG (Table 3.1 & Fig. 3.3). The actual diet imbalance was small for 
predatory invertebrates, but much larger for predatory fish, ranging from 97 in 
October to 113 in May (Table 3.1). 
Nitrogen to Phosphorus ratios 
There was no actual diet imbalance in N:P for any invertebrate FFG (Table 3.1). 
Assumed diet and measured actual diet imbalances matched closely, although the 
former were slightly lower than actual diet imbalances for those FFG feeding on 
basal resources (with the exception of shredders, where assumed diet imbalances 
were greater) (Fig. 3.3). Actual diet imbalances in N:P did exist for predatory fish, 
ranging from 12.0 in October to 15.8 in May (Table 3.1). 
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Fig. 3.3 Difference between assumed diet imbalance and actual diet imbalance in 
May and October 2005. Assumed diet imbalance is calculated from diet predicted 
using FFG and the actual diet imbalance is calculated using gut contents analysis. a) 
C:N, b) C:P and c) N:P. The difference in imbalance is calculated by subtraction of 
the actual diet imbalance from the assumed diet imbalance (i.e. positive values 
indicate that the imbalance calculated using FFG is larger than the imbalance 
calculated using actual diet). The open bars show data from May and the grey bars 
show data from October. CF = collector-filterers, CG = collector-gatherers, PR = 
invertebrate predators, SC = scrapers, SH = shredders and FPR = fish predators. 
 
a) 
b) 
c) 
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Table 3.1 Elemental imbalances of assumed and actual diets of FFG for May and October 2005. Assumed diet and actual diet elemental 
imbalances are calculated as the arithmetic difference between consumers and their assumed and actual diet respectively. 
FFG Assumed diet Occasion 
Consumer 
Stoichiometry 
(i) 
 
Resource 
Stoichiometry 
(Assumed) 
(ii) 
 
Resource 
Stoichiometry 
(Actual) 
(iii) 
 
Stoichiometric 
Imbalance 
(Assumed) 
[i.e. (ii) – (i)] 
 
Stoichiometric 
Imbalance 
(Actual)  
[i.e. (iii) – (i)] 
   C:N C:P N:P  C:N C:P N:P  C:N C:P N:P  C:N C:P N:P  C:N C:P N:P 
CF FPOM 
May 5.2 179 34.0  20.8 235 11.5  18.0 250 15.0  15.6 56 -22.5  12.8 71 -19.0 
Oct 5.2 125 24.3  23.1 196 8.3  20.9 192 9.3  17.9 71 -15.9  15.7 67 -14.0 
CG FPOM 
May 5.8 245 42.3  20.8 235 11.5  20.5 256 12.5  15.0 -10 -30.8  14.7 11 -29.8 
Oct 6.0 157 26.8  23.1 196 8.3  21.3 201 10.1  17.1 39 -18.4  15.3 44 -16.7 
PR 
INVERTS 
(- predators) 
May 5.1 219 42.8  6.2 269 42.8  7.8 227 32.5  0.7 34 0.0  2.7 8 -10.3 
Oct 5.2 205 40.3  6.1 162 26.8  5.8 201 34.9  0.6 -28 -8.7  0.6 -4 -5.4 
SC EPILITHON 
May 6.6 259 38.4  8.6 58 6.8  19.9 227 11.4  1.9 -200 -31.6  13.3 -32 -27.0 
Oct 6.5 131 20.5  7.9 37 4.6  20.5 151 7.4  1.4 -95 -15.9  14.0 20 -13.1 
SH CPOM 
May 7.4 389 51.7  26.9 555 20.7  23.4 414 17.5  19.4 166 -31.0  16.0 25 -33.2 
Oct 8.2 248 29.7  28.7 602 21.2  25.7 343 13.2  20.5 354 -8.6  17.5 95 -16.5 
FPR INVERTS 
May 4.5 72 15.8  5.9 253 42.8  5.9 185 31.6  1.8 198 27.0  1.4 113 15.8 
Oct 4.4 66 14.6  5.8 177 31.6  6.1 163 26.6  1.7 96 12.1  1.7 97 12.0 
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3.3.5 Stoichiometric regulation 
Comparing the elemental ratios of the consumers with that of their diet allows us to 
evaluate the degree of regulation performed by the consumers for different elements. 
When relating the C:N of the consumer with that of their gut contents, the slope of 
the relationship was very shallow, resulting in a relatively high H value of 5.91, 
hence, displaying a high level of regulation (Fig. 3.4a). Therefore, it is clear that the 
consumers maintained a high level of regulation in terms of C:N, close to strict 
homeostasis. When comparing C:P of the consumers with that of their gut contents a 
much steeper relationship was found, resulting in an H value of 1.26 (Fig. 3.4a). The 
consumers regulated C:P much less stringently than C:N. There was large variation 
in N:P among the consumers but no significant relationship between consumers and 
gut contents, presumably indicating some level of regulation (Fig. 3.4a). 
Relating consumer stoichiometry to that of their diet assumed from their FFG 
produced a weaker correlation for C:N than that using gut content analysis, and for 
C:P there was no significant correlation (Fig. 3.4b). 
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Fig. 3.4 Logarithmic stoichiometric ratio of actual and assumed diet versus consumer 
body tissue for all consumers Each point represents the log elemental ratio of the diet 
of a consumer species versus the log elemental ratio of that consumer. In a) diet is 
determined from gut contents whereas in b) diet is assumed using FFG. Data are 
presented for C:N, C:P and N:P in both a) and b). On each plot the equation for the 
relationship and the P-value is given. H (eta) is a measure of the level of homeostasis 
displayed by the consumers within the system, where H = 1/slope: the H-value is 
given for C:N, C:P and N:P with 95% confidence interval shown in brackets. The 
one to one line, indicating no regulation, is also shown on the graphs. 
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Splitting the data into FFG, there was no significant relationship between consumers 
and their gut contents for C:N, and all FFG appeared to regulate C:N stringently (Fig. 
3.5). The regulation of C:P appeared much less stringent for all FFG and significant 
relationships were found for both collector-filterers and scrapers resulting in low H 
values of 1.1 and 0.7, respectively (Fig. 3.5). The regulation of N:P was also less 
stringent among FFG than was regulation of C:N, and there was a significant 
relationship between scrapers and their gut contents resulting in an H value of 0.74. 
There also appeared to be strong regulation of C:N within taxonomic groups, where 
only Trichoptera had a significant relationship, with an H value of 4.94 (Fig. 3.6). 
The regulation of C:P within orders was much less strict than that of C:N, and there 
were significant relationships between consumers and gut contents for Mollusca and 
Trichoptera, with H values of 0.65 and 1.63 respectively. Regulation of N:P within 
taxonomic groups was not strict and there were significant relationships for 
Ephemeroptera and Mollusca, with H values of 1.03 and 0.74, respectively (Fig. 3.6). 
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3.4 Discussion 
For a full understanding of the role of ecological stoichiometry, we must be able to 
identify where populations are constrained by elemental imbalances between the 
availability of elements from resources and the elemental requirements of consumers, 
and furthermore, the consequences of such imbalances. Establishing these in the field 
with real (uncontrolled) populations is difficult. Assumptions made about diet based 
on FFG could evidently affect our view of stoichiometric imbalances and regulation. 
Here, when the composition of the actual gut contents was used to establish diet, it 
was clear that elemental imbalances did exist between consumers and the resources 
consumed. However, these imbalances were less than those expected on the basis of 
FFG (Table 3.1). Detritivore gut contents, and particularly those of shredders (which 
are assigned the poorest elemental quality diet using FFG), were less unbalanced 
than expected. Interestingly, the largest imbalances reported previously from stream 
ecosystems (calculated from assumed diet using FFG) have been for shredders 
(Cross et al. 2003, Bowman et al. 2005, Chapter 2 [Table 2.2]). The lower 
imbalances for detritivores calculated here, using gut contents analysis rather than 
assumptions from FFG, was a consequence of these detritivores ingesting resources 
of higher elemental quality than bulk detritus alone (Fig. 3.1). Conversely, 
consumers classified as scrapers actually ingested considerable amounts of detritus 
and, therefore, exhibited imbalances not expected when assigning diet based on FFG. 
Evidently, putative elemental imbalances calculated from FFG can be misleading. 
Furthermore, the results of this study indicate that imbalances for primary consumers 
with an assigned diet of either the lowest (CPOM) or the highest (periphyton) 
elemental quality are likely to be over- and underestimated respectively, particularly 
given that it is now widely accepted that a taxon is unlikely to feed solely on its 
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presumed resource type (Mihuc & Minshall, 1995; Mihuc, 1997; Ledger & Hildrew, 
2000a; Ledger & Hildrew, 2000b). 
Whilst the use of analysis of gut contents to determine diet has advantages over the 
assumptions based on FFG, it retains some drawbacks. Periphyton does not consist 
of photosynthetic microbes alone, but of a mixed community of photosynthetic 
microbes, fungi, bacteria, protozoa and FPOM. Analysis of gut contents did not 
enable us to discriminate effectively between FPOM and periphyton, other than by 
direct observation of cyanobacteria, green algae and diatoms. This may have led to 
an underestimate of the amount of periphyton in the guts of the primary consumers, 
in turn leading to an overestimate of the carbon to nutrient ratios in the diet of 
consumers. Furthermore, gut contents analysis represents a snapshot of the ingested 
material, whereas the elemental composition of the consumers reflects assimilation 
over a much longer time scale. Rather than differences between consumer diets and 
body tissues (as calculated here and elsewhere), true elemental imbalances represent 
the difference between the metabolic demand of the consumer for that element and 
the potential rate of supply from resources. Laboratory experiments have shown that 
consumers display limited plasticity in their elemental ratios when fed on a diet of 
varying elemental quality and have provided us with insight into some of the 
potential metabolic processes behind changes in consumer stoichiometry (Hessen, 
1990; Andersen & Hessen, 1991; Allen & Gillooly, 2009). However, it is more 
difficult to assess the response of consumers to the ever changing availability of 
resources in natural ecosystems. Nevertheless, there is a need to know how 
consumers cope with potential imbalances of available resources under natural 
conditions. Whilst the use of gut contents to calculate elemental imbalances does 
have its limitations, it provides a more accurate representation of diet than simple 
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prediction from FFG and allows us to study the influence of diet on the elemental 
composition of consumers in real ecosystems rather than controlled laboratory 
experiments. 
The consumers within Tadnoll Brook regulated their C:N to a high degree, 
displaying almost strict homeostasis, whereas they exerted a much lower degree of 
regulation of their C:P (Fig. 3.4a). This was also the case within taxonomic groups as 
well as within FFG (Figs. 3.5 & 3.6). It has previously been reported from both 
freshwater and terrestrial systems that consumer C and N concentrations display 
much lower variability than P (Elser et al., 2000b; Sterner & Elser, 2002; Cross et 
al., 2003). Furthermore, it has been suggested that RNA is the most likely 
biochemical contributor to variations in P (Hessen & Lyche, 1991; Elser et al., 
1996). This has led to the growth rate hypothesis (Sterner & Elser, 2002), which 
states that differences in organismal C:N:P are caused by variation in the production 
of RNA necessary to meet the demands of protein synthesis during growth. The 
conventional interpretation of variation in C:P is that P content changes with growth 
and reproduction following the consumers life cycle. The results here suggest that 
consumer P content is related to the elemental composition of their diet, although it 
should be acknowledged that the scatter of points is attributable to both inter- and 
intra-specific variation. Furthermore, plasticity in the P content of consumers was 
reported by Small & Pringle (2010) in their study of Costa Rican streams with 
varying P concentrations, and in the nutrient addition study by Cross et al. (2003) in 
Coweeta, USA. The systems studied by those authors and that studied here, were all 
dominated by allochthonous inputs and it is likely that growth and, consequently, 
production of the consumers in these detritus-driven freshwater ecosystems are at 
least partly regulated by the P concentration of their diet. This theory is supported by 
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the findings of Cross et al. (2007), where nutrient addition lead to lower carbon to 
nutrient ratios of the basal resources which, in turn, corresponded with increased 
secondary production of the system. 
The results here indicate that regulation of C:N was ubiquitous, regardless of whether 
animals were grouped by taxonomy or feeding guild. Trichoptera was the only Order 
to show a significant correlation between consumer and dietary C:N. Futhermore, 
shredders was the only FFG to show temporal variation in C:N (Chapter 2; Fig. 2.4). 
Trichoptera have a high body fat content and this has been shown to increase with 
increased availability of food for the shredding trichopteran, Potamophylax 
cingulatus (Otto, 1974). Fat is rich in carbon and contains no N or P, therefore, an 
increased level of body fat would lead to an increase in consumer C:N and C:P. 
Caution must be taken when interpreting changes in elemental ratios as this can be 
the result of changes in either element or both elements. Whereas C:N of consumers 
was very conservative, significant correlations between C:P and N:P of gut contents 
and consumers were found within scrapers and collector-filterers The elemental 
quality of the diet of scrapers in particular and, to a lesser degree, collector-filterers 
is dependent on periphyton growth and composition, which is subject to seasonal 
change (Lamberti & Resh, 1987; Ledger & Hildrew, 1998). It is unlikely that 
reduced regulation of P content is an evolved adaptation of the taxa within these 
FFG, as they comprise a range of different taxonomic groups and the trait would 
have had to have evolved several times. It is more likely to be a trait of all consumers 
which, in order to be expressed, requires temporal variation in the availability of P 
from resources. 
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The ability of consumers to adapt their C:P in accordance to the supply of P from 
their diet, in conjunction with the growth rate hypothesis, indicates that the P supply 
could potentially be limiting growth and production. Furthermore, the very constant 
C:N of consumers could imply a plentiful supply of both elements or, on the other 
hand, it could imply strict regulation of C:N which in combination with large 
imbalances between detrivores and their diet could potentially restrict growth and 
production. From these data it is, therefore, not possible to determine whether N or P 
supply is limiting production in Tadnoll Brook. 
This study highlights the need to quantify imbalances more precisely than by 
assigning a putative diet using feeding mode. The use of FFG to predict diet resulted 
in the calculation of erroneous imbalances and misleading conclusions on the extent 
of elemental regulation. Furthermore, the results from this study support the notion 
that consumers are able to adapt to changes in P supply by modifying their P content. 
If the consumers possess a degree of plasticity in their elemental composition, then 
interpretation of imbalances needs careful consideration. Lowering of consumer P 
content as a response to low P supply from resources would lead to a smaller 
imbalance, which could be interpreted as non-significant even though consumer 
growth and production is severely limited by P supply. 
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4 Stoichiometric Constraints on  
Secondary Production 
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4.1 Introduction 
Food webs are descriptions of the supply and flow of material between consumers 
and resources, which are the ‘nodes’ of the web. The supply and flow of material 
between the nodes govern their key ecological characteristics, such as growth and 
production (Shieh et al., 2002; Cross et al., 2006), which in turn influence the 
structure and functioning of the web. If the consumers within the system are nutrient 
limited, there is the potential for elemental imbalances between consumers and 
resources to affect these key ecological processes, in particular production (Sterner & 
Elser, 2002). Where imbalances occur, estimates of biomass flow may, therefore, not 
accurately represent the importance of links within the food web (Anderson, 1992; 
Sterner, 1997). In order to understand more fully the influence that elemental 
imbalances have on food web structure, it is necessary to understand the relationship 
between imbalances and production. 
Elemental imbalances are typically quantified by measuring the elemental 
composition of consumers and their resources and calculating the arithmetic 
difference between the two (Cross et al., 2003; Evans-White et al., 2005; Chapter 2 
& 3). However, true imbalances are the differences between the supply of elements 
from resources and the metabolic demands of the consumers (Sterner & Elser, 2002). 
Hence, it is possible that consumers reliant on a diet of poor elemental quality are 
able to compensate by increasing the rate at which they sequester elements from their 
resources (Rothhaupt, 1995; Cruz-Rivera & Hay, 2000). Unfortunately, we cannot 
measure actual assimilation and metabolism in natural ecosystems but we can 
explore the relationship between the rate of ingestion and production, which can help 
us understand more fully how stoichiometric imbalances affect key ecological 
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processes such as growth and production. Budgets of elemental flux (C, N & P) have 
previously been determined empirically and modelled in freshwater ecosystems 
(Peterson et al., 1986; Jeppesen et al., 2002; Vézina & Pahlow, 2003; Niquil et al. 
2006; Larned et al., 2008). However, few attempts have been made at coupling the 
flux of elements with production and previous attempts in stream food webs have 
been calculated using the trophic basis of production (Benke & Wallace, 1980; Cross 
et al., 2007). The trophic basis of production is calculated by determining the 
proportion of different resource types in the diet, ingestion rate is then back-
calculated from production of the consumer, typically using literature values to 
account for variation in assimilation efficiency in different resource types. Hence, 
ingestion rate and production are not independent when using the trophic basis of 
production to calculate ingestion rate, and conclusions drawn from relationships 
between rates of ingestion and production thus derived are both statistically and 
logically compromised. We need to have independent measures of ingestion and 
production in order to investigate the effect of ingestion of elements on production 
and better our understanding of this important ecological process under natural 
conditions. 
In this study, I quantified the flow of material, and of the elements carbon, nitrogen 
and phosphorus, between the nodes of a food web in a nutrient rich headwater 
stream. As the elemental quality, in terms of carbon to nutrient ratios, of the 
resources within the system varied widely (Chapter 2), the proportions of nitrogen 
and phosphorus sequestered from a single given resource may have differed 
significantly from the overall proportions of these elements in the total dry mass of 
materials ingested. Hence, the importance of a particular resource for consumer 
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growth and reproduction depends on both the rate at which it is consumed and its 
elemental quality. 
The first main objective of the study was to quantify the importance of the different 
resources in terms of dry mass ingested. As is typical of many headwater streams, the 
riparian zone was wooded, with trees providing heavy shade (Vannote et al.,1980). 
Hence, I expected detritus to be the dominant input of basal resources: the trees 
reduced light availability in summer, thus restricting primary production, whilst 
providing leaf litter. In addition, to quantify the relative importance of the various 
resources, I compared the proportion of nutrients contributed by different resources 
with their contribution in terms of dry mass. The second objective was to relate the 
rate of ingestion by consumers to the elemental quality of the resources ingested. I 
expected consumers with a diet comprised of poor elemental quality resources to 
compensate by having higher rates of ingestion (Rothhaupt, 1995; Cruz-Rivera & 
Hay, 2000). The third objective was to determine if the supply of carbon, nitrogen or 
phosphorus was limiting secondary production.  
4.2 Methods 
4.2.1 Abundance of consumers and resources 
To estimate the population density and biomass of macroinvertebrates and fish, 
samples were collected approximately every eight weeks from May 2005 to March 
2006. Macroinvertebrate density (numbers m
-2
) was quantified using a Surber 
sampler (0.06 m
2
; mesh aperture 300 µm), with 20 sample-units taken on each date. 
Samples were sorted by eye and macroinvertebrates identified under a binocular 
microscope to the highest taxonomic resolution possible (usually species, see 
Appendix A). Using an eyepiece graticule, linear dimensions of each individual were 
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measured to the nearest 0.1 mm and used to estimate dry body mass from published 
length-mass regressions (Smock, 1980; Meyer, 1989; Burgherr & Meyer, 1997; 
Benke et al., 1999; Gonzalez et al., 2002; Edwards et al., 2008; Edwards et al., 
2009b) (for further details of sample and macroinvertebrate processing see Chapter 
2; section 2.2.2). Biomass (g m
-2
) was then estimated as the product of mean 
individual dry mass and numerical density for each taxon. Fish density and biomass 
were estimated via two-pass depletion electrofishing (Seber & Le Cren, 1967) and, 
for bullhead (Cottus gobio) only, benthic sampling. As bullhead density is difficult to 
estimate using electrofishing (Woodward et al., 2008), a modified Hess sampler 
(0.12 m
2
) was used, which was deployed 30 times on each date (for details of fish 
sampling techniques see Chapter 2; section 2.2.2). 
Water temperature (ºC) was measured every 15 mins throughout the study period 
using six data loggers (HOBO pendant UA-002-XX) tethered to the stream bed in 
fixed positions. 
4.2.2 Quantification of gut contents 
On each sampling occasion, trout (Salmo trutta) of body length greater than 70 mm 
had their guts flushed using a small manual water pump. For smaller trout and other 
fish species, a number of specimens were sacrificed and frozen for subsequent 
dissection of the gut. In the laboratory, prey in fish guts were identified to species 
where possible for aquatic items and to family where possible for terrestrial animals. 
Linear dimensions of all prey were measured, and published length-mass regressions 
used to calculate the dry mass of the individual item (for detailed method description 
see Chapter 3; section 3.2.2). 
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In both May and October, individuals of macroinvertebrate taxa comprising more 
than 0.5% of the total macroinvertebrate abundance in the benthos or with an average 
dry mass larger than 0.3 mg were taken from the Surber samples and dissected for 
determination of gut contents. The length and diameter of each gut was measured to 
the nearest 0.1 mm. The gut was then removed and the contents transferred to a 
microscope slide for analysis. Where possible any remains of animal prey were 
identified and their body mass determined (see Chapter 3; section 3.2.2 for detailed 
methods). Material in macroinvertebrate guts containing basal resources (other than 
traces likely to have come from the guts of prey [see Chapter 3, section 3.2.3]) was 
identified to one of the following categories: CPOM; FPOM; diatoms (identified to 
genus); green algae (identified to genus); cyanobacteria; fungi and animal tissue. An 
eyepiece graticule (1 cm x 1 cm divided into tenths i.e. 100 cells) was placed 
randomly, at x 400 magnification, in five different fields of view on each slide to 
determine the areal proportion of each of the resources. To calculate the biomass of 
food items in guts with basal resources (i.e. not predatory taxa, which had only prey 
in their guts) it was assumed that the guts were cylindrical and full, which also 
appeared to be the case in practice (Henderson et al., 1990). The volume of the gut 
was estimated from the measured length and diameter, and the volume of the 
identified resource types calculated in accordance to the mean areal proportions 
obtained from the five fields of view. The volume of each consumed resource type 
was then converted to dry mass using the specific gravity of the resource type (See 
Chapter 3; section 3.2.2). 
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4.2.3 Calculation of ingestion rate 
Rate of ingestion of prey by predators, φ, was calculated using the formula of Speirs 
et al. (2000), 
  
 
 
 ,     (1) 
where, τ is the residence time and n is the number of prey individuals observed in the 
gut. However, in order to incorporate consumers feeding on basal resources, the 
number of prey individuals observed was substituted by the dry mass of gut contents; 
  
 
 
   
 
 
  ,   (2) 
where m is the dry mass of gut contents. Residence time (τ) is dependent upon 
temperature following an exponential relationship (Elliot, 1972; Marchant & Hynes, 
1981): 
         ,    (3) 
where T is the temperature in Celsius and a and b are constants. This results in the 
following final equation for calculating the rate of ingestion: 
  
 
      
     (4) 
The residence time (τ) of prey items in predator guts is longer than that of basal 
resources in primary consumers (Russel-Hunter, 1970). Therefore, three different 
sets of constants for a and b were used: one for basal resources in invertebrate guts; 
another for animal tissue in invertebrate guts and a third for animal tissue in fish 
guts. In order to calculate the constants a and b for macroinvertebrate consumers 
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feeding on basal resources, published studies of six different taxa feeding on detritus 
and photosynthetic microbes across a range of temperatures were used (a = 184 min, 
b = 0.083; Fig. 4.1a). For animal tissue in macroinvertebrate consumers, the study of 
Plectrocnemia conspersa by Hildrew & Townsend (1982) was used to elucidate the 
constants a and b (a = 2033 min, b = 0.098; Fig. 4.1b). As only three data points 
were available, it was assumed that an exponential relationship applied. For fish, 
constants a (1936 min) and b (0.112) were derived from Elliott’s 1972 study of 
Salmo trutta. In order to use the work of Elliott (1972), it was assumed that a 
minimum of 25% of the total mass of a prey item remained for it to be identifiable. 
 
Fig. 4.1 Relationship between temperature and rate of gut clearance of invertebrate 
consumers. a) consumers feeding on basal resources (i.e. detritus, photosynthetic 
microbes and fungi). Data were extracted from experiments where gut clearance 
rates were measured at different temperatures for common stream invertebrates: 
Gammarus pulex (Welton et al., 1983); Gammarus pseudolimnaeus Bousfield 
(Marchant & Hynes, 1981); Orthocladiinae (Romito et al., 2010); Leuctra nigra 
(Olivier) and Nemurella picteti Klapálek (Henderson et al., 1990); and Simuliidae 
(McCulloughand & Minshall, 1979). b) Invertebrate predators. The data were 
extracted from feeding trials using Plectronemia conspersa (Curtis) by Hildrew & 
Townsend (1982). 
Y=5.2171 – 0.083X 
R
2
=0.60 
n = 19 
Y=7.6173 – 0.098X 
R
2
=0.85 
n = 3 
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4.2.4 Annual ingestion 
To calculate annual ingestion it was assumed that estimates of diet composition and 
ingestion rate determined for each sampling date were representative of the time 
period extending half way from the previous sampling occasion to half way to the 
next occasion. Fish diet was analysed on all six occasions whereas macroinvertebrate 
diet, which was more consistent between occasions, was analysed in May and 
October only. It was assumed that the macroinvertebrate diet in May was 
representative of that in the spring and summer months (April to August), where 
algal growth was highest, and the diet in October representative of that in the autumn 
and winter months (September to March), where the input of allochthonous matter 
was greatest. In calculating macroinvertebrate ingestion rates, temperature and 
density on each sampling occasion were taken into account. As the volume/biomass 
of resources consumed will vary with the size of the individual, differences in the 
mean body size of consumers whose gut contents were analysed and the mean body 
size of the relevant taxon in the overall population on a given occasion were 
corrected as follows: 
              (                       )         ,  (5) 
where avg Log BMP is the average log dry body mass within the population on the 
given occasion and avg Log BMG is the average log dry body mass of individuals 
whose guts were analysed. The constant 0.7138 was derived by double logarithmic 
regression of the dry mass of gut contents on the body mass of macroinvertebrates 
analysed (Fig. 4.2). The dry mass of resources was then calculated as follows: 
                                             ,  (6) 
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where avg Log GM is the average log dry mass of a given resource in the individuals 
analysed. 
To determine the areal ingestion rate (g m
-2
) for each consumer taxon, the dry mass 
of resource present in consumer guts, calculated using equation (6), was then used to 
calculate ingestion rate, by applying equation (4), and then multiplied by the density 
of that taxon on the given occasion. 
 
 
Fig. 4.2 Relationship between invertebrate consumer body mass and the dry mass of 
their gut contents. Both consumer body mass and gut contents are reported as log dry 
mass for the individual consumers analysed. 
 
y = -1.79 + 0.7138x 
R
2 
= 0.49 
P < 0.001 
n = 3407 
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4.2.5 Elemental composition of consumers and resources 
In May and October, additional material was collected specifically for analysis of 
elemental composition. Specimens of the dominant macroinvertebrates were 
collected by kick sampling, fish were caught using an electrofisher, in-stream 
particulate organic material was collected with a pond net, periphyton was removed 
from the upper surface of stones using a toothbrush and terrestrial invertebrates were 
collected using a butterfly net and from underneath logs, etc. (for detailed collection 
methods see Chapter 3; section 3.2.3). The samples were dried to constant mass at 
85ºC and homogenised. The samples were then divided: the first half was used to 
determine the C and N content using an elemental analyser and the second to 
determine phosphorus content spectrophotometrically (for methods see Chapter 2; 
section 2.2.3). 
4.2.6 Annual ingestion of elements 
In order to calculate the ingestion of elements by consumers, the elemental 
composition of resources and consumers obtained in May and October was applied. 
Again, for the elemental composition of resources ingested, it was assumed that the 
data from May were representative of April to August and those from October 
representative of September to March. For any prey consumed for which information 
on elemental composition was lacking, data were substituted from closely related 
taxa. For aquatic prey without stoichiometric data, I used data from species of the 
same family, and for terrestrial prey, data from species of the same order. For the 
resources mentioned below I had no stoichiometric data, therefore, I employed 
values obtained from the literature as follows: fungi (Cross et al., 2007); protozoa 
(Rothhaupt, 1995); Collembola (Jensen et al., 2006) and Sialis (Singer & Battin, 
2007). 
99 
 
4.2.7 Secondary production 
For trout, regular sampling allowed identification of cohorts and the tracking of their 
abundance and biomass over their development. Thus, annual production of trout 
was calculated using the increment summation method for cohorts (Waters, 1977). 
Annual production of invertebrates was calculated using the size and density data 
obtained from the Surber samples. Since few invertebrate species had well-defined 
cohorts, an actual cohort method could not be used. Rather, the size frequency 
method (Hynes & Coleman, 1968; Hamilton, 1969; Benke, 1979; Benke et al., 1984) 
was chosen. For each species, size and abundance data for a whole year (May 2005-
April 2006) were used to describe a single hypothetical cohort (which is potentially 
an amalgamation of the multiple real cohorts) and to generate its size-frequency 
distribution (which is an average of the size frequency of the real cohorts).For taxa 
with cohort production intervals (CPI) different to 365 days the modification of 
Benke (1979) was applied. Bullhead production was also calculated using the size 
class frequency method, as clear cohorts could not be identified, using size and 
abundance data from bullhead sampling. Annual production of both fish and 
invertebrates was calculated from May to April inclusive. 
4.3 Results 
The diet composition of the consumers within the system was based on gut contents 
collected on discrete occasions during the year, representing the resources ingested 
immediately before sampling. As described above, calculation of annual ingestion 
rate it was assumed that the gut contents were representative of the time period 
extending half way to the previous sampling occasion and half way to the next 
occasion. Hence, neither the consequences of variation in resource availability nor 
100 
 
any ontogenetic or phenological diet shifts that the consumers may have undergone 
in the period between sampling occasions were taken into account. Nevertheless, as 
the diet of the consumers displayed relatively little variation between occasions such 
concerns are probably unwarranted (Chapter 3: Fig. 3.1). 
4.3.1 Annual consumption and production 
The consumers within the system ingested a total dry mass of 441 g m
-2
 yr
-1
 (Table 
4.1). The equivalent values for C, N and P were 174, 10.2 and 1.8 g m
-2
 yr
-1
, 
respectively. This ingestion rate resulted in a total secondary production of 25.9 g m
-2
 
yr
-1
. FPOM and CPOM dominated the input of basal resources into the food web 
(Fig. 4.3). In fact, particulate organic matter (POM) constituted more than 93% by 
dry mass of all the material ingested per annum (Table 4.2). Furthermore, POM 
constituted 97% by dry mass of all basal resources (POM, photosynthetic microbes 
[i.e. green-algae, diatoms and cyanobacteria] and Fungi) ingested. Of the total dry 
mass ingested by the consumers, Fungi represented 0.8%, photosynthetic microbes 
2.1% and animal prey 3.5% (Table 4.2). 
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Table 4.1 Consumer annual rate of ingestion of dry mass, C, N and P. 
FFG Annual DM 
ingestion 
(g m
-2
 yr
-1
) 
Annual C 
ingestion 
(g C m
-2
 yr
-1
) 
Annual N 
ingestion 
(g N m
-2
 yr
-1
) 
Annual P 
ingestion 
(g P m
-2
 yr
-1
) 
FCG 1.382 0.522 0.028 0.006 
PR 5.017 2.037 0.235 0.025 
SC 9.269 3.419 0.200 0.044 
FPR 12.107 5.656 1.160 0.076 
CF 38.091 14.638 0.823 0.159 
SH 81.314 35.119 1.634 0.207 
CG 294.113 112.882 6.144 1.278 
Total 441.293 174.273 10.224 1.795 
FCG = fish collector-gatherers, PR = predators, SC = scrapers, FPR = fish predators, 
CF = collector-filters, SH = shredders, CG = collector-gatherers 
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Fig. 4.3a  
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Fig. 4.3b 
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Fig. 4.3c 
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Fig. 4.3d 
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Phosphorus fluxes (g P m
-2
 yr
-1
) 
Fig. 4.3 Flux of dry mass, C, N and P through the consumer FFG in the food web. 
The width of the arrows is proportional to the annual flux between nodes. The loops 
represent intra-guild predation. a) flux of dry mass, b) flux of carbon, c) flux of 
nitrogen and d) flux of phosphorus. 
 
 
104 
 
Table 4.2 Percentage contributions of resources to diet in terms of dry mass, C, N 
and P. Values are the percentage contributions of individual resources to the diet of 
individual FFG and as a percentage of the total ingestion within the food web.  
  
CF CG FCG FPR PR SC SH Total 
Annual ingestion 
(g m
-2
 yr
-1
) 
38.1 294.1 1.4 12.1 5.0 9.3 81.3 441.1 
          
Resource         
CPOM 
Mass (%) 18.7 17.2 7.8 0 9.6 5.7 81.8 28.4 
C (%) 21.9 20.1 9.3 0 10.5 6.9 84.4 31.1 
N (%) 16.5 15.8 7.3 0 4.0 5.1 78.4 26.6 
P (%) 9.3 8.2 3.6 0 4.1 2.5 66.7 18.7 
          
FPOM 
Mass (%) 75.2 79.7 91.5 0 53.7 86.9 15.2 65.1 
C (%) 73.0 77.1 90.2 0 49.4 88.1 13.1 62.8 
N (%) 72.9 77.8 91.8 0 24.1 84.4 15.8 63.4 
P (%) 80.1 86.5 95.1 0 48.3 81.4 26.5 72.0 
          
Fungi 
Mass (%) 1.3 0.9 0.2 0 0.2 0.9 0.4 0.8 
C (%) 1.6 1.0 0.2 0 0.3 1.1 0.5 0.9 
N (%) 1.8 1.2 0.2 0 0.1 1.2 0.7 1.1 
P (%) 1.0 0.6 0.1 0 0.1 0.6 0.5 0.6 
          
Diatoms 
Mass (%) 2.8 1.3 0.5 0 0.6 6.2 0.4 1.3 
C (%) 1.6 0.7 0.3 0 0.3 3.4 0.2 0.7 
N (%) 3.9 1.8 0.7 0 0.4 8.2 0.6 1.8 
P (%) 6.8 3.3 1.2 0 1.3 15.1 1.7 3.4 
          
Green 
Algae 
Mass (%) 1.5 0.2 0 0 <0.1 0.3 2.2 0.7 
C (%) 1.3 0.3 0 0 <0.1 0.5 1.9 0.6 
N (%) 2.7 0.6 0 0 <0.1 1.0 4.6 1.5 
P (%) 1.9 0.3 0 0 <0.1 0.3 4.5 1.2 
          
Cyano-
bacteria 
Mass (%) 0.1 0.2 0 0 0.1 0.1 0 0.1 
C (%) 0.1 0.1 0 0 <0.1 <0.1 0 0.1 
N (%) 0.2 0.2 0 0 0.1 0.1 0 0.2 
P (%) 0.3 0.4 0 0 0.3 0.1 0 0.3 
          
Aquatic 
Animals 
Mass (%) 0.4 0.5 0 60.7 32.1 <0.1 <0.1 2.4 
C (%) 0.5 0.6 0 56.3 34.9 <0.1 <0.1 2.4 
N (%) 2.0 2.4 0 56.9 62.8 <0.1 <0.1 4.1 
P (%) 0.7 0.7 0 81.0 41.3 <0.1 <0.1 3.2 
          
Terrestrial 
Animals 
Mass (%) 0 <0.1 0 38.6 3.6 0 0 1.1 
C (%) 0 <0.1 0 43.1 4.5 0 0 1.2 
N (%) 0 0.1 0 42.3 8.4 0 0 1.3 
P (%) 0 <0.1 0 17.3 4.6 0 0 0.5 
          
Fish 
Mass (%) 0 0 0 0.7 0 0 0 <0.1 
C (%) 0 0 0 0.6 0 0 0 <0.1 
N (%) 0 0 0 0.8 0 0 0 <0.1 
P (%) 0 0 0 1.7 0 0 0 <0.1 
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4.3.2 Consumption by individual FFG 
POM dominated the diet of all primary consumer feeding functional groups (FFG, 
see Appendix B). However, diatoms contributed significantly to the diet of collector-
filterers and scrapers, representing 2.8% and 6.2% of the dry mass consumed, 
respectively (Table 4.2). Green algae comprised 2.2% of the dry mass ingested by 
shredders; the vast majority of this dry mass was comprised of the filamentous algae 
Stigeoclonium. Of the dry mass ingested by predatory invertebrates, POM comprised 
63% while animal prey comprised 36%. The majority of the prey mass consumed by 
predatory invertebrates was of aquatic origin, although there was a subsidy of prey 
from the terrestrial environment (not including those aquatic taxa that complete their 
life-cycle in the terrestrial environment). The terrestrial subsidy to the diet of 
predatory fish was significant: terrestrial prey comprised 38.6% of the annual mass 
consumed by predatory fish. On occasions, larger size trout were feeding heavily on 
terrestrial animals falling from the canopy and river margins (85% of prey items in 
October). 
4.3.3 Nitrogen budget 
The total contribution of nitrogen from POM to the food web was slightly lower than 
the contribution of POM in terms of dry mass, whereas the proportions of nitrogen 
contributed by fungi, photosynthetic microbes and animal resources were all 50-
100% larger than their contributions by dry mass (Table 4.2). There was some 
variation between FFG in the difference between the contribution of a given resource 
in terms of dry mass and of nitrogen. The proportion of nitrogen sequestered from 
POM (28.1 %) by predatory invertebrates was less than half the contribution from 
POM in terms of dry mass (63.3%). The difference in the relative importance of 
POM for nitrogen compared to dry mass for predatory invertebrates was much larger 
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than for other FFG (Table 4.2). Correspondingly, animal prey contributed 71.2% of 
the ingested nitrogen in predatory invertebrates compared to 35.7% of dry mass. For 
collector-filterers and collector-gatherers, the percentage of nitrogen ingested 
originating from animal prey was five-fold that ingested in terms of dry mass. The 
percentage of nitrogen ingested from photosynthetic microbes was double that of the 
percentage dry mass ingested for all FFG. 
4.3.4 Phosphorus budget 
CPOM comprised 28.4% of the dry mass ingested annually in Tadnoll Brook; 
however, only 18.7% of the phosphorus input to the food web originated from 
CPOM (Table 4.2). The dry mass of photosynthetic microbes consumed amounted to 
only 2.1% of the total dry mass consumed within the food web, but this represented 
5.9% of the total phosphorus ingested annually (Table 4.2). The proportion of 
phosphorus contributed by CPOM was less than half its contribution in terms of dry 
mass for all FFG except shredders. CPOM was proportionally more important for 
shredders than for other FFG, in fact shredders obtained two thirds of their 
phosphorus from CPOM. The contribution by FPOM in terms of dry mass and 
phosphorus was similar for all FFG except shredders, where FPOM contributed 
26.5% of the phosphorus but only 15.2% of the dry mass (Table 4.2). Photosynthetic 
microbes contributed more than 9% of the phosphorus ingested by collector-filterers, 
while diatoms alone contributed 15.1% of phosphorus consumed by scrapers. Fish 
accounted for 0.7% of the dry mass consumed by predatory fish but these ingested 
fish contributed 1.7% of the phosphorus consumed by predatory fish (Table 4.2). 
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4.3.5 Resource elemental composition and ingestion rate 
The annual ingestion rate of the consumers was negatively correlated with the 
elemental quality of their diet (Fig. 4.4). Consumers ingested more (corrected per 
unit mass of consumer) when their diet had a higher C:N (Fig. 4.4a). The C:P of the 
diet was strongly correlated with the ingestion rate of the consumer (R
2
=0.80; 
P=0.006; Fig. 4.4b). 
 
a)     b) 
 
Fig. 4.4 Relationships between elemental quality of diet and the rate of ingestion of 
consumers. Elemental quality is represented by C:N (a) and C:P (b) in the diet (and 
thus quality declines from left to right) and the rate of ingestion is expressed as 
annual areal consumption of dry mass divided by the mean annual standing stock of 
consumers. 
4.3.6 Nutrient ingestion and production 
There was a significant relationship between secondary production and the dry mass 
of resource ingested by the consumers (Fig. 4.5). Production increased with 
increasing dry mass ingested (Fig. 4.5a). As there is no reason to expect that 
assimilation efficiency would increase with rate of ingestion, logically the 
 
Y= -216 + 23.1X 
R
2
=0.56 
P=0.05 
Y= -305 + 2.08X 
R
2
=0.80 
P=0.006 
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relationship between secondary production and rate of ingestion should be linear and 
not a power relationship (as indicated when using log-log transformed data). 
However, when plotting non-transformed data the residuals were unevenly 
distributed, with some points having excessive influence on the relationship; Cook’s 
distance for the point with the highest production (Gammarus pulex) was greater 
than 6.3 for all four regressions (dry mass, C, N & P). As the assumptions of linear 
least squares regression were violated (heteroscedasticity in the data), and the 
relationships derived are unlikely to be accurate, the data were log transformed prior 
to regression (Fig. 4.5). Although non-linear, the relationships derived from 
transformed data had power exponents of 1.01-1.07, none of which were 
significantly different to 1 (1 was within the 95% confidence interval for all four 
power exponents), indicating that the relationships were essentially linear over the 
range of x values used. The linearized slopes of the relationships from the 
transformed data were 0.054, 0.138, 2.44 and 17.46 for dry mass, carbon, nitrogen 
and phosphorus, respectively. The relationships between production and ingestion of 
dry mass, C, N and P had R
2
 values of, 0.69, 0.69, 0.71 and 0.73, respectively (Fig. 
4.5). The residuals from the relationship between production and the rate of ingestion 
of dry mass (Fig. 4.5a) were negatively correlated with C:P of the consumers’ diet 
(Fig. 4.6). The residuals explained 22% of the variation around the model. The 
negative relationship between the residuals and the C:P of the consumers’ diet 
indicates that the model underestimated production when the consumer diet was of 
high elemental quality and overestimated production when the diet was of low 
elemental quality. 
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Fig. 4.5 Relationships between log secondary production and log rate of 
consumption of dry mass, C, N and P. a) dry mass, b) carbon, c) nitrogen and d) 
phosphorus. Each point represents one consumer taxon. 
 
y = -1.27+ 1.01x 
R
2 
= 0.69 
P < 0.001 
y = -0.87+ 1.01x 
R
2 
= 0.69 
P < 0.001 
y = 0.35+ 1.03x 
R
2 
= 0.71 
P < 0.001 
y = 1.24+ 1.07x 
R
2 
= 0.73 
P < 0.001 
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As the linearized slope for the relationship between rate of ingestion of dry mass and 
production was 0.054, the gross production efficiency (GPE) was 5.4%.  
Following Benke & Wallace (1980) it is a given that, 
    (      ) 
where, C is consumption, P is secondary production, AE is assimilation efficiency 
and NPE is net production efficiency. This equation can be reorganised to, 
    
(  ⁄ )
   
 
where, P/C is equivalent to the GPE recorded in this study and, from the literature, 
NPE is approximately 0.5 (Ross & Wallace, 1981). Using this calculation, the 
assimilation efficiency for the food web as a whole was 10.8% in 2005. 
 
Fig. 4.6 Relationship between the residuals in the relationship between log secondary 
production and log rate of consumption of dry mass (Fig. 4.5a), and C:P of the 
consumer diet. 
 
Y = 0.82 – 0.0031x 
R
2
 = 0.22 
P=0.005 
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4.4 Discussion 
Due to differences in the elemental quality of resources, the relative importance of 
resources in terms of the dry mass ingested did not reflect their importance in terms 
of N and P ingested. The flow of material within Tadnoll Brook was dominated by 
POM, which comprised 97% of the dry mass of basal resources ingested. Detrital 
inputs often dominate the ingested resource in headwater streams: Cross et al. (2003) 
found that POM comprised 96% of ingested basal resources in their study of a head-
water stream in Coweeta, USA, and in the study of the Broadstone Stream, UK, 
Woodward et al. (2005a) found that POM accounted for >99% of the secondary 
production. 
POM also contributed the majority (90.7%) of the phosphorus ingested within the 
food web and 94% of the phosphorus input from basal resources. However, low 
quality resources like CPOM contributed proportionally less to the P ingested than to 
dry mass: Of the total P ingested in the food web only 18.7% originated from CPOM, 
whereas CPOM accounted for 28.4% of the ingested dry mass in the food web. On 
the other hand, higher quality resources like photosynthetic microbes and animal 
tissue contributed proportionally more to N and P ingestion than they did to the total 
dry mass ingested. Despite these high quality resources contributing proportionally 
more N and P to ingestion than dry mass would infer, their absolute contributions to 
the N and P ingested by FFG other than predatory invertebrates and fish were still 
relatively small, with a maximum of 15.5% of the P ingested (by scrapers) comprised 
of photosynthetic microbes. Furthermore, of the total annual ingestion of N and P by 
consumers in the food web animal prey only accounted for 5.4% and 3.7%, 
respectively. Tadnoll Brook is rich in nutrients and the basal resources all have 
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relatively high concentrations of N and P in comparison to the same resources found 
in nutrient poor systems (Chapter 2: Table 2.3). In nutrient poor systems, the 
contribution of N and P from high quality resources, and animal tissue in particular, 
is likely to be of disproportionate importance because animal N and P content is 
conservative compared to that of basal resources (Sterner & Elser, 2002) and the N 
and P content of animal prey, therefore, will be high, relative to basal resources, in 
nutrient poor systems. To investigate this further, a comparison was made with the 
“model forested headwater stream” in Coweeta studied extensively by Wallace et al. 
(1995). If we use the N and P concentrations reported by Cross et al. (2003) for the 
resources from Coweeta, and assume that the respective resource contribution to the 
flux of material in terms of dry mass is the same as in Tadnoll Brook (i.e. assuming 
that ingested dry mass of each resource type is proportionally the same as in Tadnoll 
Brook), we get a substantially different impression of the importance of the different 
resources in terms of N and P (Table 4.3). Under these assumptions, CPOM would 
be much less important in terms of both N and P in Coweeta than in Tadnoll Brook. 
Animal material would contribute 32.4% and 19.1% of total N and P ingested in 
Coweeta, respectively, compared to 5.4% and 3.7% in this study (Table 4.3). 
Although the relative rates of consumption of the different resources may not be the 
same in Coweeta as in Tadnoll Brook, these calculations serve as an example of how 
nutrient availability could affect the contribution of elements from different 
resources. 
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Table 4.3 Comparison of nitrogen and phosphorus contributions by different 
resources in Tadnoll Brook and a Coweeta headwater stream. It is assumed that the 
contribution from the resources is the same in terms of dry mass but the N and P 
content reported by Cross et al. (2003) from their reference stream C53 was used to 
calculate N and P contributions.  
Resource 
Tadnoll 
Contribution to 
annual ingestion 
Tadnoll 
Contribution to 
annual ingestion 
Coweeta 
Contribution to 
annual ingestion 
 Mass (%) P (%) N (%) P (%) N (%) 
CPOM 28.4 18.7 26.6 5.2 13.2 
FPOM 65.1 72.0 63.4 71.2 48.3 
Photosynthetic 
microbes 
2.1 4.9 3.5 2.3 3.9 
Fungi 0.8 0.6 1.1 2.2 2.2 
Animal 3.5 3.7 5.4 19.1 32.4 
 
As hypothesised the ingestion rate of consumers was inversely related to the 
elemental quality of their diet (Fig. 4.4). Consumers with a poor quality diet 
appeared to compensate by having a greater rate of ingestion. Increasing the rate of 
ingestion evidently increases the rate of supply of nutrients, although the assimilation 
of nutrients from the different resources may not be equal (Slansky & Scriber 1982): 
simply increasing the rate of ingestion may be insufficient to compensate for poor 
elemental quality if feeding on resources with a high proportion of indigestible 
tissue. Correspondingly, as assimilation efficiency varies among different resources, 
the rate of ingestion is only a crude measure of the actual supply available to satisfy 
the metabolic demands of consumers. Even though our measure of supply did not 
take variation in assimilation efficiency into account, ingested dry mass was still 
strongly correlated with secondary production (Fig. 4.5a). The assimilation 
efficiency across all resources in Tadnoll Brook was 10.8%, which is relatively low 
compared with values measured in laboratory experiments with macroinvertebrate 
consumers, where assimilation efficiencies of 5-20% for primary consumers and 40-
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80% for predators have been reported (Barlocher & Kendrick, 1975; Benke & 
Wallace, 1980; Slansky & Scriber, 1982; Hall et al., 2000). The lowest assimilation 
efficiencies have been reported for consumers feeding on detritus, and CPOM in 
particular: 93.5% of the annually ingested dry mass was POM resulting in the low 
average assimilation efficiency of Tadnoll Brook. Furthermore, the residuals from 
the relationship between rate of ingestion of dry mass and secondary production were 
negatively correlated with C:P of the consumer diet, implying that assimilation 
efficiency varied with elemental quality of the diet (Fig. 4.6). It is well established 
that assimilation efficiency differs between resource types (Benke & Wallace, 1980; 
Pandian & Marian, 1986). It would appear that at least some of the differences in 
assimilation efficiency is due to the different elemental quality of resources. 
The rates of ingestion of all elements were significantly correlated with secondary 
production. However, correlations between production and the rates of ingestion of 
dry mass and C were very slightly weaker than those with the rates of ingestion of N 
and P (Fig. 4.5). This indicates that secondary production was more strongly linked 
to N and P consumption than dry mass or C. In the study by Cross et al. (2007) in 
Coweeta, they also observed that N and P were more strongly linked to secondary 
production than C. In Coweeta, production was reported as ash free dry mass, so to 
be able to compare their findings directly with this study a correction factor of 10% 
was applied to convert from ash free dry mass to dry mass (Salonen et al., 1976). The 
slopes of secondary production against rate of ingestion in Coweeta were 5.5 and 
86.9 for N and P, respectively. These slopes are considerably higher than the 
linearized slopes of 2.4 and 17.5 for N and P, respectively, reported here, but caution 
should be taken when comparing the two studies as rates of ingestion in Coweeta 
were calculated using trophic basis of production and assimilation efficiency, so 
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production and ingestion rates were not independent. Furthermore, when using the 
trophic basis of production the applied assimilation efficiencies are positively 
correlated with the slope of the relationship between production and rate of ingestion. 
In the study of Cross et al. (2007) assimilation efficiencies between 5-80% were 
used, which are high compared to the general assimilation efficiency reported in this 
study. Even though caution should be taken when comparing these two studies, the 
steeper slopes for N and P in Coweeta indicate that the consumers in Coweeta were 
more efficient in converting ingested N and P into production than in Tadnoll Brook. 
Converting the rate of ingestion of C, N and P from mass to mol (i.e. dividing by 
their respective atomic masses) enables comparison of the efficiency of converting 
individual elements into production. The linearized molar slopes for production 
against rate of ingestion of N and P were, respectively, 20.6 and 326 times higher 
than that for C. This indicates that ingestion of one mol of N and one mol of P 
resulted in 20.6 and 326 times more production, respectively, than ingestion of one 
mol of C. These ratios are much higher than Redfield ratios (C:N = 6.6; C:P = 106; 
Redfield (1958)) and also much higher than the ratios measured in the consumers’ 
tissues in Tadnoll Brook (Chapter 2: Table 2.1), indicating that there was excess 
consumption of C and that there was a relative supply rate imbalance of elements. 
Although the methods used by Cross et al. (2007) may have influenced their results, 
the estimated excess consumption of C in Coweeta was much greater: the slopes of 
the relationship between rate of N and P ingestion and production, respectively, were 
72.9 and 2629 times greater than that for C, meaning there was a much greater 
relative supply rate imbalance in Coweeta. Even though the dominant basal resource 
in both systems was POM, the high nutrient availability in Tadnoll Brook appears to 
have resulted in lower stoichiometric imbalances. 
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The linearized slope between production and rate of ingestion of P was 16 times 
higher than that with rate of ingestion of N, exactly the same as the Redfield ratio 
and somewhat lower than the average ratio of the consumers’ body tissues (Chapter 2 
: Table 2.1). Therefore, it appears that there was little imbalance in the relative 
supply of N and P to consumers: From these results it is not possible to conclude that 
either N or P was limiting secondary production of Tadnoll Brook. 
The large contribution of poor elemental quality POM to the diet of consumers in 
Tadnoll Brook resulted in a low overall assimilation efficiency for the system. 
Nevertheless, it appears that the consumers with the poorest quality diet compensated 
by increasing their ingestion rate. Compensation for poor elemental quality of diet 
may be a general trait of consumers from detrital systems; however, there are other 
possible strategies to compensate for poor quality diet, for example supplementing 
the diet with high quality resources such as animal prey and photosynthetic microbes 
(See Chapter 3). The high nutrient concentration in the water in Tadnoll Brook 
ameliorated stoichiometric imbalances compared with a detritus driven system in a 
nutrient poor environment (Cross et al., 2007) and a strategy of supplementing the 
diet would be more beneficial in low nutrient systems. Despite a lower relative 
supply rate imbalance in this nutrient rich system, the dominance of detritus in the 
diet of consumers still led to excess consumption of C: it appears that the rate of 
supply of N and P were limiting secondary production. 
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5 Effects of Increased Availability of High 
Quality Resources on Consumer Diet and 
Production 
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5.1 Introduction 
Consumers must maintain their ratios of the elements C, N and P within relatively 
constrained limits (Hessen, 1990; Anderson & Hessen, 1991; Sterner & Elser, 2002). 
Hence, the growth and production of consumers depends on the rate at which they 
can sequester these elements from their resources, particularly N and P (Sterner & 
Elser, 2002; Cross et al., 2007; Chapter 4). The flux of elements to consumers 
depends on the rate of ingestion and the elemental quality of resources ingested. 
Hence, if the rate of ingestion of resources is high, but the elemental quality of 
available resources is low, the rate of flux of N and P to consumers can still be low 
and restrict their growth rate (Lau et al., 2009; Spivak et al., 2009; Chapter 4). 
Detritus-based ecosystems often have abundant resources that are of poor elemental 
quality (Cross et al., 2003; Cross et al., 2007; Chapters 2 & 4). Therefore, consumers 
in such ecosystems are a good example of organisms exposed to copious low quality 
resources. It has previously been established that, under nutrient poor conditions, the 
productivity of consumers in such detritus-based ecosystems can be increased by the 
addition of nutrients (Cross et al., 2006). 
Despite being rich in dissolved inorganic nutrients, Tadnoll Brook is a detritus-based 
ecosystem, and resource input to the food web was completely dominated by 
particulate organic matter (POM, which comprised 97% of the dry mass of basal 
resources consumed: Chapter 4). However, POM had the poorest elemental quality 
of all resources (Chapter 2) and its dominance in the diet of primary consumers 
resulted in considerable elemental imbalances between consumers and their food 
(Chapter 3 & 4). The poor elemental quality of the POM and the consequent 
stoichiometric imbalances resulted in nutrient limitation of secondary production in 
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this nutrient rich ecosystem (Chapter 4). This apparent paradox was probably caused 
by the heavy shading of the stream by the canopy of riparian vegetation (Plate 5.1a). 
Therefore, despite high concentrations of dissolved inorganic N and P in the water, 
the primary producers were limited by light and could not access/ utilise the available 
nutrients (Rosemond, 1994; Ledger & Hildrew, 1998; Rosemond et al., 2000). 
Hence, there was the potential to manipulate the system: a reduction in shading by 
removal of riparian vegetation was likely to stimulate primary production, 
particularly by photosynthetic microbes, and, thus, to increase the rate of uptake of 
dissolved nutrients and the availability of high quality resources for consumers. 
The experimental reach of Tadnoll Brook had already been subject to one 
manipulation in 2006, after the first year of study reported here (Chapters 2 – 4). In 
the past Tadnoll Brook held a population of Atlantic salmon (Salmo salar L.), which 
went extinct in the mid-90s, probably due to a combination of successive dry winters 
and a shallow step weir at Tadnoll Mill, near the confluence with the River Frome 
(Ibbotson et al., 2006). During this study, the experimental reach of Tadnoll Brook (2 
km upstream of Tadnoll Mill) was monitored from May 2005 until April 2006, with 
as little disturbance of the system as possible. In the first two weeks of April 2006, 
6,000 Atlantic salmon swim-up fry were released into the experimental reach to 
increase predation pressure (Edwards et al., 2009a). Atlantic salmon parr grow 
quickly in the Frome system and a large proportion had turned to smolts and 
migrated to sea after less than 12 months in the river. The density of Atlantic salmon 
in May 2007 was 28% of that in October 2006 and, in May 2008 it was estimated 
that only seven salmon remained in the experimental reach (<0.006 m
-2
). 
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For this study, a second manipulation was undertaken, in which 75% of the riparian 
canopy in the experimental reach was removed to increase light supply to the stream. 
The increased light, combined with the high concentrations of dissolved inorganic N 
and P (Chapter 2), was expected to result in increased primary production and, 
hence, standing stock of photosynthetic microbes. The second aim was to quantify 
whether any change in resource availability resulted in a shift in the diet of primary 
consumers. The expected increase in primary production should result in an 
increased availability of high quality resource for primary consumers. This 
postulated increased availability of high quality resources was, in turn, expected to 
result in an increase in the ingestion of photosynthetic microbes and an increase in 
the proportion of photosynthetic microbes in the diet of consumers. The third and 
principle aim of the experiment was to quantify the effect of increased availability of 
photosynthetic microbes on the pattern of secondary production in the system. The 
greater availability of high quality primary producers was expected to result in 
increased secondary production of their consumers, and of scrapers in particular. 
Furthermore, the addition of high quality resources to the previously carbon-rich, 
detritus-dominated diet of consumers was expected to reduce stoichiometric 
imbalances, which should result in an increase in the gross production efficiency (i.e. 
secondary production per unit ingestion) of the primary consumers. 
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Plate 5.1  Photographs of the experimental reach before, during and after tree-felling. 
a) During the summer before tree-felling, showing heavy shading b) A tree surgeon 
at work felling ca. 75% of the riparian vegetation [Sep. 2007] c) After tree-felling. 
 
 
 
a) 
c) 
b) 
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5.2 Methods 
5.2.1 Tree-felling 
In September 2007, tree surgeons reduced the canopy cover by approximately 75% 
by felling trees and other riparian vegetation (Plate 5.1b). This reduction in canopy 
cover was carried out to reduce shading and increase light supply to the stream and, 
thereby, to increase primary production (Plate 5.1c). Light (lux) and water 
temperature (ºC) on the stream bed were measured every 15 mins throughout the 
study period using six data loggers located in fixed positions (HOBO pendant UA-
002-XX). 
5.2.2 Resources, consumers and fluxes 
Standing stocks of resources and consumers were monitored using stone scrapes, 
Surber samples, Hess samples and electrofishing as described in Chapter 2 (section 
2.2.2), with all samples collected in the same weeks as in previous years. Rather than 
calendar years, the after tree-felling year ran from May 2008 to April 2009, to 
coincide with the life cycle of Atlantic salmon (the subject of the previous 
manipulation). Elemental composition of resources and consumers, in terms of C, N 
and P, was quantified in May and October 2005 and 2008 using the methodology 
described in Chapter 2 (section 2.2.3). Invertebrate and fish gut contents were 
identified and quantified as described in Chapter 3 (section 3.2.2) and Chapter 4 
(section 4.2.2), secondary production was calculated using the size-frequency 
method as described in Chapter 4 (section 4.2.7), and the annual ingestion rate of dry 
mass and elements was quantified using the methodology described in Chapter 4 
(section 4.2.6). 
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5.2.3 Statistical analysis 
All mean values are reported ± SE. When comparing between years, data from 2005 
(when the stream was heavily shaded) are shown in figures using dark grey bars or 
symbols, whereas data from 2008 (when the canopy had been opened), are shown 
using open bars and symbols. All masses reported are dry mass. 
Differences between years in mean daily light, temperature and chlorophyll-a were 
analysed with one-way analysis of variance; significant ANOVAs were followed by 
Tukey’s HSD multiple comparisons. Variation between 2005 and 2008 in the mean 
annual elemental composition of basal resources was analysed using a two-way 
ANOVA. Differences between 2005 and 2008 in the mean annual density of total 
invertebrate consumers and mean annual FFG density were analysed using a nested 
ANOVA, with individual replicate Surber samples nested within occasion, and 
occasion crossed with year. However, as there was no replication of fish density 
within occasions, a paired t-test was used to analyse differences in fish densities 
between years. Comparisons of total invertebrate density within months between 
years were analysed with a post hoc LSD. 
Differences in the slope and intercept of the relationship between log secondary 
production and log ingestion between 2005 and 2008 were analysed using general 
linear models, with year as the independent variable, log production as the dependent 
variable and log ingestion rate as a co-variable. The responses of individual taxa to 
changes in ingestion rate were measured as the slopes of the regressions of secondary 
production of taxa on ingestion rate of dry mass, C, N and P calculated from 
observations from 2005 and 2008. The mean slope for all taxa and the resultant 
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variance were calculated, and the 95% confidence intervals were calculated from the 
variance. 
Quantified food webs were drawn using the free download network package 
PajekWin7 1.28. 
5.3 Results 
5.3.1 Light, temperature and benthic chlorophyll 
The daily mean light intensity increased immediately after tree-felling and was 
higher throughout the summer of 2008 than in previous years (Fig. 5.1a). Annual 
mean daily mean light intensity was dependent on year (one-way ANOVA; F2,1139 = 
96.3; P < 0.001), although the two years prior to tree-felling were not significantly 
different from each other (Tukey’s HSD; 11.7 ± 0.4 lux and 14.3 ± 0.6 lux in 2005 
and 2006, respectively). The annual mean daily mean light intensity in 2008 was 
29.6  ± 1.4 lux, significantly higher than both 2005 and 2006 (Tukey’s HSD). 
The annual mean of daily mean temperature was also dependent on year (one-way 
ANOVA; F2,1139 = 5.9; P = 0.001) and was 11.2 ± 0.2 ºC in 2005, significantly lower 
than in 2006 (11.9 ± 0.1 ºC) and 2008 (12.1 ± 0.2 ºC) (Tukey’s HSD). However, 
there was no significant difference between 2006 and 2008 (Tukey’s HSD). The 
lower mean annual daily mean temperature in 2005 was caused by a cold winter: 
there was no evidence that the reduction in canopy cover affected temperature (Fig. 
5.1b). 
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Fig. 5.1 Variation in light intensity and temperature on the streambed from May 
2005 to April 2009 as recorded by six data loggers tethered on the streambed. a) 
daily mean light intensity (lux), b) daily mean temperature (ºC). The shaded area 
indicates the time of tree removal. 
Standing stock of chlorophyll-a varied significantly with year (Fig. 5.2: one-way 
ANOVA; F2,54 = 20.4; P < 0.001). There was, however, no difference between the 
two pre-tree-felling years: densities of 0.54 ± 0.06 chl-a g m
-2
 and 0.43 ± 0.06 g chl-
a m
-2
 in 2005 and 2006 respectively (Tukeys HSD, P > 0.05). After the trees were 
cut down, however there was a significant increase in the standing stock of benthic 
chlorophyll 1.77 ± 0.28 chl-a g m
-2
 in 2008 (Tukey’s HSD, P < 0.05). 
 
a) 
b) 
Tree 
removal 
126 
 
 
 
Fig.5.2 Standing stock of benthic chlorophyll from March 2005 to April 2009. Mean 
(± SE) standing stock of benthic chlorophyll from stone scrapings. The arrow 
indicates time of tree removal. 
 
Fig. 5.3 Standing stock of fine particular organic matter (FPOM) and coarse 
particular organic matter (CPOM) from May 2005 to April 2009. Mean (± SE) 
standing stock of POM from Surber samples. 
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5.3.2 Elemental quality of basal resources 
The P content of periphyton was significantly lower in the year after tree-felling 
(two-way ANOVA; F1,11 = 11.4; P = 0.007) and the P content of FPOM was 
significantly lower at the 10% level (F1,8 = 5.40; P = 0.06), whereas there was no 
significant change for CPOM (Table 5.1). The C content of FPOM was significantly 
higher after tree-felling (F1,8 = 15.6; P = 0.004) whereas there was no change in the C 
content of CPOM or Periphyton. There was no significant difference in the N content 
of any of the basal resources between years. 
Table 5.1 Elemental composition of basal resources before and after tree-felling 
Resource Month Year C (%) N (%) P (%) 
CPOM 
May 
2005 44.1 ± 1.1 1.9 ± 0.1 0.21 ± 0.01 
2008 49.1 ± 2.6 2.1 ± 0.2 0.15 ± 0.02 
     
October 
2005 46.3 ± 0.5 1.9 ± 0.1 0.21 ± 0.01 
2008 42.4 ± 3.0 1.9 ± 0.1 0.19 ± 0.08 
      
FPOM 
May 
2005 37.6 ± 0.4 2.2 ± 0.2 0.41 ± 0.02 
2008 39.3 ± 1.4 2.2 ± 0.1 0.34 ± 0.03 
     
October 
2005 36.6 ± 1.0 1.9 ± 0.2 0.54 ± 0.11 
2008 42.3 ± 0.7 2.2 ± 0.1 0.34 ± 0.02 
      
Periphyton 
May 
2005 22.3 ± 2.5 3.0 ± 0.3 1.00 ± 0.05 
2008 22.8 ± 1.6 3.6 ± 0.2 0.77 ± 0.02 
     
October 
2005 18.7 ± 5.4 2.7 ± 0.7 1.31 ± 0.12 
2008 19.8 ± 0.9 2.8 ± 0.1 0.84 ± 0.11 
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5.3.3 Consumer density 
The mean annual density of invertebrates was 8,107 ± 733 m
-2
 and 20,128 ± 2467m
-2
 
in 2005 and 2008, respectively (Fig. 5.4), a significant increase following tree-felling 
(ANOVA; F1,114 = 23.58; P < 0.001). However, the increased invertebrate density 
was not evenly spread across the year; invertebrate densities in the summer months 
were three to five times higher in 2008 than in the equivalent week in 2005 (post hoc 
LSD, P < 0.05), whereas there was no significant difference in density between the 
two years in the winter months (post hoc LSD, P > 0.05: Fig. 5.4). 
All invertebrate FFG, except shredders, increased in density after tree-felling (Fig. 
5.5). However, collector-gatherers and collector-filterers, in particular, showed the 
greatest increase: both collector-gatherers and collector-filterers tripled their mean 
annual densities from 5,680 ± 636 m
-2
 to 15,056 ± 2,010 m
-2
 (GLM, F1,114 = 21.44, P 
< 0.001) and 1,162 ± 212 m
-2
 to 3,311 ± 529 m
-2
 (GLM, F1,114 = 15.89, P < 0.001) 
respectively (Fig. 5.5a). Scrapers (GLM, F1,114 = 7.34, P = 0.008) and predatory 
invertebrates (GLM, F1,114 = 10.10, P = 0.002) also had higher densities after tree-
felling (Fig. 5.5b), while predatory fish (paired t-test, t5 = -0.61, P = 0.57) showed no 
significant change in density after tree-felling (Fig. 5.5b, c). Shredders were the only 
FFG that had a lower density after tree-felling (GLM, F1,114 = 7.82, P = 0.006). 
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Fig. 5.4 Mean annual invertebrate density and density on individual sampling 
occasions before and after tree-felling. Mean (± SE) invertebrate density on sampling 
occasions in 2005 (grey bars) and 2008 (open bars). Asterisks indicate a significant 
difference between years (P < 0.05). 
 
Fig. 5.5 Mean annual density of functional feeding groups before and after tree-
felling. Mean (± SE) invertebrate density of FFG on sampling occasions in 2005 
(grey bars) and 2008 (open bars). Note the different scales of the y-axis in panels a), 
b) and c). Asterisks indicate a significant difference between years (P < 0.05). CF = 
collector-filterers, CG = collector-gatherers, PR = invertebrate predators, SC = 
scrapers, SH = shredders, FPR = predatory fish. 
 
 
a) b) c) 
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5.3.4 Diet 
May, before and after tree-felling 
In May, the proportion of photosynthetic microbes (algae and cyanobacteria) in the 
diet of scrapers and shredders doubled after tree-felling, increasing from 3.7% to 
7.4% in scrapers and from 9.6% to 20.8% in shredders (Fig. 5.6a). The proportion of 
CPOM in the diet of all invertebrate FFG other than shredders was reduced by more 
than half after tree-felling: the proportion of CPOM in the diet of shredders was 
reduced from 74.2% in 2005 to 46.8% in 2008 (Fig. 5.6a). The proportion of 
invertebrate prey increased for all invertebrate FFG other than scrapers. Little change 
was observed in the proportion of invertebrate and fish prey items for the predatory 
fish, where the diet was dominated by invertebrate prey in both years. 
October, before and after tree-felling 
In October, the proportion of photosynthetic microbes in the diet of collector-
filterers, collector-gatherers and shredders increased in 2008 relative to that in 2005 
(by 51%, 28% and 55% respectively). However, the absolute proportion of 
photosynthetic microbes in the diet did not exceed 2.1% for any of these three FFG 
(Fig. 5.6b). The proportion of photosynthetic microbes in the diet of scrapers reduced 
from 9.8% in 2005 to 4.3% in 2008. The proportion of CPOM in the diet of 
collector-gatherers and shredders reduced from 13.1% and 60.8%, respectively, in 
2005 to 6.0% and 45.3%, respectively, in 2008 (Fig. 5.6b). The proportion of CPOM 
in the diet of collector-filterers increased from 11.2% in 2005 to 16.0% in 2008. 
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a)     May 
 
 
b)     October 
 
Fig. 5.6 Actual diet of FFG before and after tree-felling. Stacked bars show mean 
dietary composition as the percentage dry mass of the food categories ingested by the 
taxa within each FFG. a) data from May 2005 and May 2008 and b) data from 
October 2005 and October 2008. CF = collector-filterers, CG = collector-gatherers, 
PR = invertebrate predators, SC = scrapers, SH = shredders, and FPR = predatory 
fish. CPOM = coarse particular organic matter, FPOM = fine particular matter, 
FUNG = fungi, ALG = photosynthetic microbes (including diatoms, green algae and 
cyanobacteria) and INV = macroinvertebrate prey. 
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5.3.5 Mean elemental imbalance of taxa within FFG 
C:N 
The actual diet imbalance (as defined in Chapter 3; section 3.2.3) in C:N was smaller 
in May 2008 after tree-felling than it was in May 2005 for all FFG (Table 5.2). 
However, when comparing the month of October before and after tree-felling, the 
actual diet C:N imbalance was smaller for collector-filterers, shredders and predatory 
fish after tree-felling but higher for collector-gatherers, scrapers and predatory 
invertebrates (Table 5.2). 
C:P 
The actual diet C:P imbalance increased in 2008 in both May and October for all 
primary consumer feeding guilds except collector-filterers, which showed a 
reduction in actual diet C:P imbalance in May 2008 (Table 5.2). For secondary 
consumers, the actual diet C:P imbalance was reduced in May 2008 for both 
predatory invertebrates and fish, and for predatory invertebrates in October 2008 
(Table 5.2). 
N:P 
No clear patterns emerged when comparing actual diet N:P imbalance before and 
after tree-felling (Table 5.2). 
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Table 5.2 Actual diet imbalances for May and October before and after tree-felling. 
The imbalances were calculated as the arithmetic difference between the mean 
elemental composition of the diet of the consumers within the given FFG and the 
mean elemental composition of the body tissue of the consumers within the FFG. 
FFG Occasion Actual Diet Imbalance 
2005 
 Actual Diet Imbalance 
2008 
  C:N C:P N:P  C:N C:P N:P 
CF May 12.8 71 -19.0  9.4 -77 -35.6 
Oct 15.7 67 -14.0  10.6 137 -9.1 
         
CG May 14.7 11 -29.8  13.7 68 -26.9 
Oct 15.3 44 -16.7  16.1 114 -23.2 
         
PR May 2.7 8 -10.3  0.0 -78 -13.4 
Oct 0.6 -4 -5.4  1.2 -50 -15.0 
         
SC May 13.3 -32 -27.0  13.2 105 -14.6 
Oct 14.0 20 -13.1  17.1 170 -20.7 
         
SH May 16.0 25 -33.2  11.9 222 -4.4 
Oct 17.5 95 -16.5  15.9 193 -12.8 
         
FPR 
May 1.4 113 15.8  0.8 77 11.7 
Oct 1.7 97 12.0  0.6 121 21.6 
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5.3.6 Changes in contribution of resources to annual fluxes 
Change in percentage resource contribution to total annual food web fluxes 
Of the total dry mass ingested in the system, the proportion of the dry mass ingested 
that comprised FPOM increased from 65.1% in 2005 to 77.4% in 2008 (Table 5.3). 
The proportion of the dry mass ingested that comprised CPOM almost halved from 
28.4% in 2005 to 15.3% in 2008. The proportion of the dry mass ingested that 
comprised photosynthetic microbes more than doubled from 2.1% in 2005 to 4.7% in 
2008. The proportion of the dry mass ingested that comprised Fungi halved from 
0.8% in 2005 to 0.4% in 2008. The proportion of the dry mass ingested that 
comprised terrestrial prey declined from 1.1% before tree-felling to 0.1% in 2008. 
Relative changes in the dry mass of C, N and P ingested followed much the same 
patterns as for total dry mass (Table 5.3). 
Change in percentage resource contribution to annual ingestion within functional 
feeding groups 
Of the total annual dry mass ingested, the proportion of CPOM ingested by collector-
gatherers, scrapers, shredders and predatory invertebrates was lower after tree-felling 
(Table 5.4). The proportion of the annual dry mass ingested that comprised diatoms 
increased after tree-felling for all primary consumers except scrapers, where it fell 
from 6.2% in 2005 to 4.6% in 2008 (Table 5.4). The proportion of the annual dry 
mass ingested that comprised green-algae increased in 2008 for scrapers and 
shredders. The proportion of the total dry mass ingested that comprised fungi was 
lower after tree-felling for all FFG except shredders, where it increased from 0.4% in 
2005 to 1.4% in 2008. The proportion of terrestrial invertebrates in the total dry mass 
ingested by predatory fish fell from 38.6% in 2005 to 4.0% in 2008. 
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Table 5.3 Total annual dry mass ingestion and percentage contribution to total 
annual ingestion of dry mass, C, N and P by resource-types before and after tree-
felling. Percentage of total annual ingestion rate of dry mass, carbon, nitrogen and 
phosphorus contributed by FPOM, CPOM, cyanobacteria, diatoms, green-algae, 
fungi, aquatic prey and terrestrial prey. 
 Mass Carbon Nitrogen Phosphorus 
 2005 2008 2005 2008 2005 2008 2005 2008 
 DM % DM % % % % % % % 
 (g m
-2
 yr
-1
) (g m
-2
 yr
-1
)       
FPOM 287.3 65.1 515.9 77.4 61.3 75.9 57.6 70.1 74.7 77.9 
CPOM 125.4 28.4 102.1 15.3 32.2 17.7 23.5 12.7 14.5 7.4 
Cyanobacteria 0.6 0.1 <0.1 <0.1 0.1 <0.1 0.2 <0.1 0.3 <0.1 
Diatoms 5.8 1.3 23.0 3.5 0.7 1.9 1.7 4.9 3.5 7.9 
Green-algae 3.0 0.7 8.0 1.2 0.7 1.3 1.3 2.1 0.9 1.7 
Fungi 3.5 0.8 2.7 0.4 0.9 0.5 1.0 0.5 0.6 0.4 
Aqua. inverts 10.7 2.4 14.4 2.2 2.6 2.5 9.4 9.1 4.5 4.4 
Terr. inverts 4.9 1.1 0.6 0.1 1.5 0.1 5.0 0.1 0.8 0.2 
Fish 0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.2 
 
 
Table 5.4 Percentage contribution by resource-types to annual ingestion of dry mass 
by FFG before and after tree-felling. 
FFG 
 
CPOM FPOM Fungi Diatoms 
Green-
algae 
Cyano- 
bacteria 
Aqua-
inverts 
Terr. 
inverts 
Fish 
CF 
2005 18.4 75.5 1.3 2.7 1.5 0.1 0.4 0 0 
2008 18.6 74.7 0.3 4.1 0.2 <0.1 2.0 0.1 0 
           
CG 
2005 17.2 79.6 0.9 1.3 0.2 0.2 0.5 <0.1 0 
2008 7.6 88.9 0.3 3.0 0.2 <0.1 0.1 <0.1 0 
           
FCG 
2005 7.8 91.5 0.2 0.5 0 0 0 0 0 
2008 7.8 91.1 0.1 1.1 0 0 0 0 0 
           
FPR 
2005 0 0 0 0 0 0 60.7 38.6 0.7 
2008 0 0 0 0 0 0 94.5 4.0 1.6 
           
PR 
2005 9.6 53.7 0.2 0.6 <0.1 0.1 32.1 3.6 0 
2008 2.1 44.8 0.1 0.5 <0.1 0 51.0 1.5 0 
           
SC 
2005 5.7 86.9 0.9 6.2 0.3 0.1 <0.1 0 0 
2008 1.5 88.6 0.4 4.6 4.9 <0.1 <0.1 0 0 
           
SH 
2005 81.8 15.2 0.4 0.4 2.2 0 <0.1 0 0 
2008 56.5 28.8 1.4 5.3 7.6 <0.1 0.4 0 0 
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5.3.7 Changes in absolute annual ingestion rates 
The total annual ingestion rate for the system increased from 441 g m
-2
 yr
-1
 in 2005 
to 667 g m
-2
 yr
-1
 in 2008 (Table 5.5), an increase of 51%. Nearly all feeding links 
became stronger (Fig. 5.7). The increase in the annual ingestion rate of collector-
filterers, which tripled from 39 g m
-2
 yr
-1
 in 2005 to 115 g m
-2
 yr
-1
 in 2008, was 
particularly noteworthy. The annual ingestion rate of collector-gatherers increased 
from 293 g m
-2
 yr
-1
 in 2005 to 441 g m
-2
 yr
-1
, whilst scrapers showed a 50% increase 
in annual ingestion rate from 9 g m
-2
 yr
-1
 in 2005 to 13 g m
-2
 yr
-1
 in 2008 (Table 5.5). 
Rates of C and N ingestion increased after felling in proportion to the change in the 
rate of ingestion of dry mass, whereas the increase in the rate of ingestion of P after 
felling was proportionally lower than that for dry mass, C and N (Table 5.5). 
Table 5.5 Annual rate of ingestion of dry mass, C, N and P for the ecosystem as a 
whole and for individual FFG before and after tree-felling. For a list of taxa 
comprising the FFG see Appendix B. 
 
Annual mass 
ingestion 
(g m
-2
 yr
-1
) 
Annual C 
ingestion 
(g C m
-2
 yr
-1
) 
Annual N 
ingestion 
(g N m
-2
 yr
-1
) 
Annual P 
ingestion 
(g P m
-2
 yr
-1
) 
FFG 2005 2008 2005 2008 2005 2008 2005 2008 
FCG 1.38 0.25 0.52 0.10 0.03 0.01 0.006 0.001 
PR 5.02 5.36 2.04 2.35 0.24 0.35 0.025 0.030 
SC 9.27 13.33 3.42 5.29 0.20 0.32 0.044 0.049 
FPR 12.11 9.11 5.66 4.37 1.16 0.95 0.076 0.067 
CF 39.00 115.03 14.97 46.66 0.84 2.80 0.163 0.382 
SH 81.31 83.13 35.12 36.24 1.63 2.00 0.207 0.229 
CG 293.24 440.66 112.55 176.48 6.13 10.03 1.274 1.503 
Total 441.33 666.86 174.27 271.49 10.22 16.46 1.795 2.260 
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Fig. 5.7a 
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Fig. 5.7b 
    2005 
 
    2008 
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Carbon fluxes (g C m
-2
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Fig. 5.7c 
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Nitrogen fluxes (g N m
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Fig. 5.7d 
    2005 
 
    2008 
 
 
  <0.001     0.001-0.005     0.005-0.025     0.025-0.075     0.075-0.15     >0.15 
Phosphorus fluxes (g P m
-2
 yr
-1
) 
Fig. 5.7 Comparison of flux of dry mass, C, N and P through the consumer FFG in 
the food web before and after tree-felling. The width of the arrows is proportional to 
the annual flow between nodes. The loops represent intra-guild predation. a) flux of 
dry mass, b) flux of carbon, c) flux of nitrogen and d) flux of phosphorus. 
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5.3.8 Production 
Secondary production of invertebrates increased from 24.0 g m
-2
 yr
-1
 in 2005 to 41.2 
g m
-2
 yr
-1
 in 2008 (Fig. 5.8). Production of small invertebrate taxa (mean annual size 
[i.e. over all sampling occasions] <0.1 mg) tripled from 6.2 g m
-2
 yr
-1
 in 2005 to 18.5 
g m
-2
 yr
-1
 in 2008 whereas the increase in production of larger invertebrate taxa 
(mean annual size >0.1 mg) was proportionally smaller, increasing from 17.7 g m
-2
 
yr
-1
 in 2005 to 22.8 g m
-2
 yr
-1
 in 2008 (Fig. 5.8). 
 
 
Fig. 5.8 Total annual secondary production of invertebrates and the relative 
contribution by small and large invertebrates before and after tree-felling. Grey bars 
represent 2005 (before tree-felling) and open bars represent 2008 (after tree-felling). 
Small invertebrate taxa were defined as those with a mean annual size <0.1 mg and 
large invertebrate taxa were defined as those with a mean annual size >1 mg. 
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Secondary production of predatory fish and all invertebrate FFG was higher after 
tree-felling (Fig. 5.9a). The relative contribution to total secondary production 
increased for collector-filterers and collector-gatherers after tree-felling, whereas the 
contribution by predatory invertebrates remained the same and that of all other FFG 
decreased (Fig. 5.9b). 
 
Fig. 5.9 Annual secondary production of individual FFG before and after tree-felling. 
a) annual secondary production, b) proportion of total annual secondary production 
contributed by each FFG. Grey bars represent 2005 and open bars represent 2008. 
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5.3.9 Ingestion of photosynthetic microbes by consumers and their 
secondary production 
There was no significant relationship between the increase in invertebrate secondary 
production of individual taxa after tree-felling and the relative proportion of 
photosynthetic microbes in the diet of invertebrate consumers (Fig. 5.10a). However, 
if Trichoptera (which are generally large and slow growing) were excluded from the 
analysis, a significant relationship was revealed (P < 0.001): the proportion of 
photosynthetic microbes in the diet then explained 66% of the increased secondary 
production (Fig. 5.10b). 
 
 
Fig. 5.10 Relationship between proportion of photosynthetic microbes in diet and the 
increase in consumer production after tree-felling. a) relationship when including all 
taxa b) relationship when excluding Trichoptera. The regression for b) is significant 
even when the data point in the top right hand corner (Baetis) is removed from the 
analysis (Y = -0.08 + 0.208x, R
2
 = 0.29, P = 0.027). 
 
Y = 0.28 + 0.035x 
R
2
 = 0.08 
P = 0.13 
Y = -0.17 + 0.249x 
R
2
 = 0.66 
P < 0.001 
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5.3.10 Annual ingestion rate and secondary production 
The annual rate of ingestion of dry mass, C, N and P by consumers were all 
significantly correlated with secondary production both in 2005 and in 2008 (Fig. 
5.11; Table 5.6). There was no significant difference between years in the slopes 
relating the ingestion rates of dry mass, C, N or P ingestion to production (Table 5.6). 
Furthermore, none of the slopes were significantly different to 1, indicating that 
despite transformation of the data (to remove heteroscedasticity) the relationships 
were all effectively linear (rather than exponential). For both 2005 and 2008, the 
residuals from the relationship between production and the rate of ingestion of dry 
mass (Fig. 5.11a) were negatively correlated with C:P of the diet of consumers (Fig. 
5.12). The residuals explained more than 20% of the variation around the model in 
both 2005 and 2008. The negative relationship between the residuals and the C:P of 
the consumers’ diet indicates that the model underestimated production when the 
consumer diet was of high elemental quality (in terms of C:P) and overestimated the 
production when the diet was of low elemental quality. 
To ease interpretation the relationships between the log rate of ingestion of dry mass, 
C, N and P, and log rate of production were recalculated as linear relationships. 
Hence, the linearized slope relates to the rate of production per unit ingestion (in log-
log plots the slope relates to the deviation from linearity). The linearized slopes 
between the rate of ingestion of dry mass and production were 0.054 and 0.071 in 
2005 and 2008 respectively (Table 5.7). The dry mass of secondary production per 
unit mass ingested is the gross production efficiency (see Chapter 4; section 4.3.6), 
which was 5.4% in 2005 and 7.1% in 2008. The gross production efficiency can be 
converted to assimilation efficiency by dividing by the net production efficiency 
(using a literature value of 0.5; see Chapter 4; section 4.3.6). Using this calculation, 
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the overall assimilation efficiency for members of the food web increased from 
10.8% in 2005 to 14.2% in 2008. 
 
Fig. 5.11 Relationships between log secondary production and log rate of ingestion 
of dry mass, C, N and P before and after tree-felling. a) dry mass, b) carbon, c) 
nitrogen and d) phosphorus. Each point represents one consumer taxon in each year. 
The black square symbols represent data from 2005 and the open circular symbols 
represent data from 2008. See table 5.6 for statistical details of the relationships. 
 
Dry Mass 
Phosphorus Nitrogen 
Carbon 
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Table 5.6 Statistical information for the relationships between log production of 
consumers and log consumption of dry mass, C, N and P from Fig. 5.11 before and 
after tree-felling. The function for each relationship for the individual years and the 
significance of these relationships are given. For each parameter, the statistical 
significance of the difference in slopes and the intercepts between 2005 and 2008 are 
also given. It should be noted that the slope in these log-log relationships describes 
the deviation from linearity (slope =1), whereas the intercept determines the slope of 
the linearized relationship. For linearized slopes see Table 5.7. 
 Year Relationship R
2 
Slope > 0 
P 
Between 
years 
slope P 
Between 
years 
intercept P 
Mass 
2005 y = -1.27+1.01x 0.69 <0.001 
0.60 0.39 
2008 y = -1.15+0.93x 0.71 <0.001 
       
Carbon 
2005 y = -0.87+1.01x 0.69 <0.001 
0.67 0.66 
2008 y = -0.80+0.94x 0.71 <0.001 
       
Nitrogen 
2005 y = 0.35+1.03x 0.71 <0.001 
0.94 0.94 
2008 y = 0.33+1.04x 0.72 <0.001 
       
Phosphorus 
2005 y = 1.24+1.07x 0.73 <0.001 
0.62 0.98 
2008 y = 1.24+1.01x 0.75 <0.001 
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Fig. 5.12 Relationship between the residuals in the relationship between log 
secondary production and log rate of consumption of dry mass (Fig. 5.11), and C:P 
of the consumer diet before and after tree-felling. The black square symbols and the 
open circular symbols represent data from 2005 and 2008 respectively. There was no 
between year difference in neither slope (ANOVA; F1,69 =0.02; P = 0.9) nor intercept 
(ANOVA; F1,69 =0.03; P = 0.9) of the regressions. 
 
Y = 0.82 – 0.0031x 
R
2
 = 0.22 
P=0.005 
Y = 0.88 – 0.0029x 
R
2
 = 0.24 
P=0.002 
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5.3.11 Community wide elemental imbalance 
The linearized slope of the relationship between secondary production and elemental 
ingestion rate (Table 5.7) is a measure of the rate of supply of elements (C, N & P) 
from resources per unit production. The relative slopes of the linearized relationships 
for the different elements are a measure of the stoichiometric ratio of the supply from 
resources across the whole system relative to production. The whole system molar 
supply of C:P decreased from 332 in 2005 to 283 in 2008, and the whole system 
molar supply of C:N was also lower after tree-felling, dropping from 20 in 2005 to 
16 in 2008 (Table 5.7). 
The mean stoichiometric ratios of consumers weighted by their production gives a 
measure of whole system demand (i.e. the C:N:P of newly produced biomass). The 
difference between the stoichiometric ratios of supply and demand gives a measure 
of community wide elemental imbalance. In 2005, before tree-felling, the community 
wide imbalances were 189 (i.e. 332-143) and 14 for C:P and C:N, respectively, 
whereas the equivalent imbalances for 2008, after felling, were 99 and 10 (Table 
5.7). Therefore, the community wide imbalance was reduced for both C:P and C:N 
after the trees were cut down. 
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Table 5.7 Linear relationships between rate of ingestion and production and resulting 
community wide imbalance before and after tree-felling. The linearized slope of the 
regression between production and ingestion is reported in both mass and moles of 
C, N and P. Also reported are the ratios of the slopes (in mol) for the individual 
elements ingested per unit production, a measure of the ratio of elements ingested 
(supply). Elemental ratios required to produce new organic matter (demand) were 
calculated by weighting the elemental composition of consumer body tissue by their 
respective production. The difference between the elemental ratios of supply and 
demand was used as a measure of community wide imbalance. 
  2005 2008 
Mass slope mass 0.054 0.071 
    
Carbon slope 
mass 0.135 0.159 
mol 1.62 1.90 
    
Nitrogen slope 
mass 2.24 2.14 
mol 31.4 29.9 
    
Phosphorus slope 
mass 17.4 17.4 
mol 538 538 
    
C:N:P (supply) molar 332:17:1 283:18:1 
C:N:P (demand) molar 143:25:1 184:34:1 
    
Community wide 
imbalance 
C:N 14 10 
C:P 189 99 
N:P -8 -16 
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5.3.12 Secondary production and ingestion rate of individual taxa 
As there was only one annual measure of production and one ingestion rate for each 
taxon in each year, it was not possible to investigate the relationship between 
production and ingestion rate for individual taxa within a year. By combining the 
observations from 2005 and 2008, however, it was possible to calculate the slope of 
change for each individual taxon. The regression for each individual taxon contained 
only two observations and a statistical comparison of slopes was not possible per se. 
Hence, to determine if the production of individual taxa responded similarly to 
change in the rate of ingestion, the mean of the individual linearized slopes for each 
taxon and the 95% confidence intervals of this mean were calculated. The mean 
linearized slope of the individual taxa was then compared with the linearized slope of 
the overall regression line based on all observations from both years (Table 5.8). This 
analysis was repeated for dry mass, C, N and P. The mean linearized slopes of the 
individual taxa for dry mass, C and P were not significantly different to that of the 
linearized slope of the overall regression line, i.e. the linearized slope of the overall 
regression line fell within the 95% confidence intervals of the mean linearized slope 
of the individual taxa (Table 5.8): All taxa were responding to increased flux of dry 
mass, C and P similarly. However, for the relationship between the rate of ingestion 
of N and production, the linearized slope of the overall regression fell outside the 
95% confidence intervals of the mean linearized slope for the individual taxa. The 
mean linearized slope of the individual taxa was significantly smaller than the overall 
regression, indicating that the increase in production was less per unit supply of N for 
individual taxa than was predicted when comparing across taxa. It appears that 
individual taxa did not respond to changes in N supply as predicted by the slope from 
the observations of all taxa, i.e. the relationship between rate of ingestion of N and 
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production was a consequence of differences among taxa rather than the response of 
individual taxa. 
Table 5.8 Comparison of the overall slope derived from linearization of the 
relationship between log production and log ingestion including all observations 
from before and after tree-felling, and mean of the linearized slopes of individual 
taxa. Reported is the overall slope for all observations and the mean of the slopes of 
the individual taxa, the variation around the mean slopes and the 95% confidence 
interval of the mean slopes. 
Variable 
Overall 
slope 
Mean of 
individual 
taxa slopes 
N StDev SE Mean 95% CI 
Log mass -1.206 -1.306 33 1.5 0.261 (-1.818, -0.794) 
Log C -0.832 -0.555 33 1.555 0.271 (-1.086, -0.025) 
Log N 0.337 -0.035 33 0.929 0.162 (-0.352, 0.282) 
Log P 1.24 0.708 33 1.755 0.306 (0.109, 1.307) 
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5.4 Discussion 
The reduction in canopy cover resulted in the desired increase in light which was 
consistent with an expected increase in secondary production in the experimental 
reach. Secondary production in this nutrient rich, detritus-based system appears to 
have been limited by availability of nutrients from resources before tree-felling. 
Higher light intensities fell on the stream bed, and this increased light intensity 
applied for more of the year after tree-felling than previously (Fig. 5.1). The increase 
in light intensity was associated with a higher standing stock of benthic chlorophyll 
in the year after tree-felling (Fig. 5.2). This finding suggests that, as suspected, the 
primary producers in the experimental reach were light limited before tree-felling. 
The highly shaded nature of the experimental reach before tree-felling and the high 
concentrations of dissolved N and P in the water further strengthen this supposition. 
Although the increased standing stock of chlorophyll after tree-felling indicated 
greater algal growth, standing stock is not a direct measure of in-stream primary 
production. Nevertheless, experiments with grazed and un-grazed substrata 
conducted in the experimental reach indicated that net primary production was 
significantly higher in the year after tree-felling (Jones et al., unpublished). 
The increased irradiance of the stream after tree-felling could have caused water 
temperatures to increase, which may have had an influence on primary and 
secondary production. However, the opening of the tree canopy was not associated 
with a change in the daily mean temperature in the stream, contrary to results from 
experiments carried out by others investigating canopy removal by clear felling of 
catchments, including the riparian zone (Moore et al., 2005; Quinn & Wright-Stov, 
2008). This was probably due to the trees being felled along a relatively short stretch 
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of river (240 m) in combination with well mixed, fast flowing water, resulting in an 
overriding effect of the water temperature as it entered the reach. 
Even though there were more photosynthetic microbes present, there was a reduction 
in the P content of all basal resources after tree-felling. This was unexpected as the 
increased autotrophic production was expected to increase the P content of resources, 
and periphyton in particular. The change in the P content of periphyton could be a 
consequence of the photosynthetic microbes before tree-felling being limited by light 
when there was high availability of P, resulting in luxury P uptake before tree-felling 
(Elrifi & Turpin, 1985; Sterner & Elser, 2002). Changes in other resources are more 
difficult to explain. It is possible that the higher rates of ingestion of photosynthetic 
microbes and POM (Fig. 5.7a) would have resulted in an increased rate of turnover 
of basal resources and, thereby, reduced the time available for microbial colonization 
and growth. This faster rate of turnover of basal resources would result in lower 
microbial density (Barlöcher & Kendrick, 1975; Barlöcher, 1985). It is possible that 
reduced P content of photosynthetic microbes, in combination with lower microbial 
density after tree-felling, resulted in the observation of lower P content of the basal 
resources. 
The mean annual density of invertebrates more than doubled after tree-felling. 
However, this increase was largely confined to the summer, where densities after 
tree-felling were three-four times higher than those before tree-felling (Fig. 5.4). 
Removal of 75% of the tree canopy had the largest effect on in-stream light intensity 
during the summer (Fig. 5.1). Correspondingly, the rate of growth of in-stream 
primary producers would have increased most during the summer. This seasonal 
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increase in the availability of high quality resources is a likely explanation for the 
increased invertebrate density during the summer in the year after tree-felling. 
The higher algal abundance after tree-felling was reflected in a higher mean 
proportion of photosynthetic microbes in the diet of all primary consumer FFG, 
particularly in May (Fig. 5.6). After tree-felling there was a large reduction in the 
proportion of CPOM in the diet of specialist shredders and other primary consumer 
FFG, suggesting an active selection of higher quality resources when available. 
Selective feeding on higher quality resources has been shown previously in both 
laboratory experiments and field studies (Iversen, 1974; Haapala et al., 2001; Hladyz 
et al., 2009). 
Despite an increase in the proportion of high quality photosynthetic microbes in the 
diet of primary consumers, the actual diet C:P imbalance (calculated as the arithmetic 
difference between diet and consumer tissues: See section 3.2.3) was higher after 
tree-felling (Table 5.2). This was due to a reduction in the P content of all basal 
resources after tree-felling, particularly FPOM, and the fact that FPOM remained the 
dominant component of the diet of primary consumers after tree-felling. 
The total annual rate of ingestion of dry mass by consumers was 50% higher after 
tree-felling, which reflects the higher invertebrate density (Table 5.5). As well as an 
increase in the total annual rate of ingestion, the proportion of the total dry mass 
ingested by primary consumers that comprised photosynthetic microbes increased 
from an average of 2.1% to 4.7% in the year after tree-felling (Table 5.3). This 
increased consumption of photosynthetic microbes was not restricted to scrapers; all 
primary consumer FFG increased the proportion of photosynthetic microbes in their 
annual rate of ingestion after tree-felling (Table 5.4; Fig. 5.7). The proportion of the 
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total annual rate of ingestion that comprised CPOM followed the opposite pattern to 
that of photosynthetic microbes: the ingestion of CPOM nearly halved from 28.4% 
before tree-felling to 15.3% after tree-felling (Table 5.3). In part, this reduction was 
caused by a lower density of shredders after tree-felling (Fig. 5.5), and in part 
because CPOM constituted a lower proportion of the diet of all FFG, with the 
exception of collector-filterers, after tree-felling (Table 5.4). 
The increased total annual rate of ingestion by consumers after tree-felling was a 
consequence of all invertebrate FFG increasing their annual rate of ingestion (Table 
5.5), resulting in a greater flux through most nodes in the food web (Fig. 5.7). 
However, the annual rate of ingestion of collector-filterers and collector-gatherers, in 
particular, increased dramatically after tree-felling. This large increase in annual rate 
of ingestion of collector-filterers and collector-gatherers was reflected in a large 
increase in annual secondary production of these two FFG (Fig. 5.9). The 
proportional change in annual ingestion of P was smaller than that of dry mass, C 
and N (Table 5.5), due to all basal resources having lower P content after tree-felling 
(Table 5.1). 
Total secondary production was 72% higher in the year after tree-felling, reflecting a 
higher invertebrate density and total annual rate of ingestion. The increased 
secondary production was driven mainly by increases in collector-filterers and 
collector-gatherers. Interestingly, there was only a small increase in the production of 
scrapers (Fig. 5.9a), which resulted in scrapers comprising a smaller proportion of 
the community secondary production (Fig. 5.9b). It was expected that scrapers would 
benefit greatly from the increased in-stream primary production after tree-felling due 
to their mode of feeding. However, it was clear from the data that the taxa benefiting 
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most from the increased rate of supply of high quality in-stream primary producers 
after tree-felling were the small taxa with short generation times, in particular 
Chironomidae, Simuliidae and Baetidae (Figs 5.3 & 5.7). Most (80%) of the taxa in 
the scraper guild were Trichoptera, with generation times of one year and a relatively 
large body mass. These taxa did benefit from the increased availability of high 
quality resources but their response in terms of production appeared to be restricted 
by life history traits. It is possible that the duration of this study was insufficient to 
explore the full benefit of increased primary productivity to scraping Trichoptera, but 
it is also possible that the increased productivity of the system resulted in a shift 
towards smaller species with short generation times during the summer. The small 
increase in production of scrapers suggests that the increased availability of in-stream 
primary producers had little effect on secondary production. However, when slow 
growing Trichoptera were excluded, there was a significant relationship between 
increased productivity of consumer taxa after tree-felling and the proportion of 
photosynthetic microbes in their diet after tree-felling (Fig. 5.10b). It, therefore, 
appears that the increased rate of supply of high quality in-stream primary producers 
did impact secondary production. It should be noted that if FFG had been used to 
infer the diet, rather than gut contents analysis, this pattern would not have emerged. 
Rates of ingestion of dry mass, C, N and P were all significantly correlated with 
secondary production in both 2005 and 2008, and in both years the correlation with 
N and P was slightly stronger than that for dry mass and C (Table 5.6). Furthermore, 
as in 2005 the residuals from the relationship between rate of ingestion of dry mass 
and secondary production were negatively correlated with C:P of the consumer diet, 
implying that assimilation efficiency varied with elemental quality of the diet (Fig. 
5.12). 
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It is possible that the relationship between the rate of ingestion and production was a 
consequence of differences among taxa, and that the response of individual taxa to an 
increase in their rate of ingestion may differ. Hence, the relationship between change 
in rate of ingestion of dry mass, C, N and P and change in production between the 
two years was calculated for each taxon, and the distribution of these linearized 
slopes compared to the linearized slope of the line drawn through all taxa. The 
overall linearized slopes for the relationship between secondary production and rate 
of ingestion of dry mass, C and P all fell within the 95% confidence intervals for the 
mean linearized slopes for individual taxa: The linearized slopes from the overall 
relationships are, therefore, a true representation of the response of the production of 
individual taxa within this system to changes in their rate of ingestion. However, the 
production of individual taxa did not respond in the same way to changes in the rate 
of ingestion of N as was expected from the relationship derived from the overall 
community. The linearized slope for rate of ingestion of N for individual taxa was 
significantly lower than the overall linearized slope, which appears to indicate that 
the supply of N was less limiting for secondary production than P: An increase in N 
ingestion by individual taxa did not result in as rapid an increase in production as an 
increase in P. The overall relationship (among taxa) between rate of ingestion of N 
and rate of production appears to be a consequence of co-variation of N and P in 
ingested resources. 
There was little or no between-year variation in the linearized slope of the 
relationship between secondary production and rate of ingestion of N and P, whereas 
the linearized slopes for dry mass and C increased after tree-felling. The constant 
slopes for N and P indicate that secondary production was nutrient limited both 
before and after tree-felling (Table 5.6). Whereas the increased linearized slope for 
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dry mass indicates that the efficiency of the consumer community (overall) in turning 
ingested mass into production, increased with the greater availability of high quality 
resources after tree-felling. However, the results from the calculated actual diet 
elemental imbalances indicated that C:P imbalance between consumer FFG and their 
diet increased after tree-felling. Given this increased imbalance it is somewhat 
surprising that assimilation efficiency increased after tree-felling. Actual diet 
elemental imbalance is a static measure of elemental imbalance derived from the 
relative quality of food and consumer tissues (as is assumed diet elemental 
imbalance), which, does not take into account the relative rates of ingestion of 
resources, and hence the potential rate of supply of elements from those resources 
relative to the metabolic requirements of consumers for the production of tissues. It 
is possible to derive a dynamic and more accurate impression of elemental 
imbalances (community wide) by comparing the relative linearized slopes of the 
relationships between the rates of C, N and P ingestion and production (a measure of 
the relative rate of supply of elements) to the production weighted elemental 
composition of consumers (a measure of the demand of elements to produce new 
organic matter). When taking these dynamic measures of “supply” and “demand” 
into account, community wide imbalance was reduced for both C:N and C:P after 
tree-felling (Table 5.7). Increased assimilation efficiency after tree-felling appeared 
to be a result of reduced stoichiometric imbalance for the ecosystem as a whole after 
tree-felling. 
This study is an example of how stoichiometric constraints can have implications for 
secondary production of ecosystems and how a reduction in community wide 
stoichiometric imbalances can relax these constraints. Furthermore, it appears that 
measuring arithmetic differences between elemental ratios of consumers and their 
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diet (however derived) is insufficient to measure true ecosystem imbalance: better 
estimates of rate of supply and demand are required to determine, and better 
understand, the stoichiometric constraints acting on communities. 
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6 General Discussion 
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The stoichiometric relationships between consumers and resources can potentially 
affect key ecological parameters such as growth, production, population dynamics, 
community composition and, ultimately, ecosystem processes (Sterner & Elser, 
2002; Andersen, Elser & Hessen, 2004; Schade et al., 2005; Hladyz et al., 2009; 
Chapter 5). This influence is determined by the rate of supply of key elements 
relative to the rate of demand by consumers. A mismatch between the ratio of 
elements supplied from resources and that required by consumers to satisfy 
metabolism potentially affects individual consumers, as well as populations and 
whole communities (Sterner & Elser, 2002; Chapter 3 & 5). A better knowledge of 
stoichiometric relationships between consumers and their resources is thus necessary 
for a fundamental understanding of ecological processes. 
Most studies of stoichiometric relationships in aquatic ecosystems have been based 
on the arithmetic difference between consumers and their presumed diet (Fig. 6.1; 
assumed diet imbalance [1]) that may be inferred, in pelagic systems, from the 
various trophic levels (i.e. phytoplankton, zooplankton, planktivorous fish and 
piscivorous fish) and, in streams, from functional feeding groups (FFG; Elser & 
Hasset, 1994; Cross et al,. 2003; Bowman et al., 2005; Evans-White et al., 2005; 
Small & Pringle, 2010; Chapter 2). Studies of assumed diet imbalance in streams 
have highlighted that detritivores in general, and shredders in particular, have an 
imbalanced diet. This is potentially important for headwater streams, as secondary 
production in these systems is driven predominantly by carbon-rich allochthonous 
detritus (Woodward et al., 2005a; Cross et al., 2006; Chapter 4). Most early studies 
of stream stoichiometry have been conducted in ‘pristine’, nutrient poor systems 
(Cross et al., 2003; Bowman et al., 2005). More recently, a few studies have been 
conducted in more nutrient rich systems (Singer & Battin, 2007; Small & Pringle, 
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2010). By comparing across this body of work it seems that stoichiometric 
imbalances may be ameliorated by higher nutrient availability in the water (Fig. 6.2). 
As consumer elemental composition appears relatively conservative, this 
amelioration is likely to be caused by higher microbial growth, autotrophic as well as 
heterotrophic, driven by the increased nutrient availability (Gulis & Suberkropp, 
2003; Stelzer et al., 2003; Chapter 5). Although, stoichiometric imbalances were 
smaller in nutrient rich streams, imbalances still exist, particularly for shredders 
(Chapter 2). 
 
Fig. 6.1 Schematic overview of the static and dynamic measures of stoichiometric 
imbalances applied in this study. Arithmetic differences between consumer and 
resource elemental composition calculated from assumed diet [1] or from actual gut 
contents [2] are static measures of stoichiometric imbalances as they do not take into 
account the rate of supply or the rate of demand. Measures of elemental imbalance 
that take into account the rate of supply from resources [3] and the rate of demand 
[4] are dynamic measures of imbalance. x, y & z refers to percentage of diet 
contributed by resource and a, b & c refers to rate of ingestion of a given resource.  
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The calculation of imbalances on the basis of assumed diets, based on a priori 
assigned feeding modes, as is commonly done, is an imprecise measure at best. 
Ascribing a single resource type to each stream invertebrate consumer is overly 
simplistic: most stream invertebrates are opportunistic feeders and not specialists 
(Mihuc & Minshall, 1995; Mihuc, 1997; Ledger & Hildrew, 2000a; Ledger & 
Hildrew, 2000b; Chapter 3). Quantifying the actual diet of the consumers using gut 
contents analysis is more challenging, but provided a more accurate representation of 
the elemental composition of the resources consumed in the natural ecosystem 
studied here. This in turn enabled calculation of stoichiometric imbalances based on 
actual, rather than an assumed, diet (Actual diet imbalance [2], in Fig. 6.1). However, 
the use of gut contents analysis is time consuming and few stream studies have 
adopted this method to characterise stoichiometric relationships between consumers 
and resources (Cross et al., 2007; Chapter 3, 4 & 5). The imbalances calculated from 
gut contents analysis indicated that values calculated from assumed diet based on 
FFG may be misleading (Chapter 3). In particular, imbalances for primary consumers 
assumed to feed only on either the poorest or best quality resources were inaccurate, 
due to the supplementation of their diet with resources of different elemental 
composition from that assumed. Supplementing a diet of low quality bulk detritus 
with high quality food like photosynthetic microbes or animal tissue could reduce the 
stoichiometric imbalances apparently faced by detritivores (Frost et al., 2005b; 
Chapter 3). Nevertheless, both the quality and quantity of resources influence the rate 
of supply of elements and it is possible that consumers might simply compensate for 
arithmetic imbalances by increasing the rate of ingestion of low quality bulk 
resources (Cruz-Rivera & Hay, 2000; Plath & Boersma, 2001; Chapter 4). 
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Fig. 6.2 Relationship between the soluble reactive phosphorous concentration of the 
water and assumed diet imbalances of collector-gathers in streams ecosystems. 
Assumed diet imbalance of collector-gatherers calculated as the arithmetic difference 
between C:P in FPOM and C:P in collector-gatherers, these data are from this and 
previous studies (Table 2.2). 
In reality, stoichiometric imbalances depend on both the quality and quantity of 
resources available and the demand by the consumers. Consumer elemental 
composition varies considerably with taxonomic identity, as organisms of differing 
phylogenetic origin have tissues of differing elemental composition and ratios (e.g. 
bone cf. chitin) that perform the same function (Sterner & Elser, 2002; Frost et al., 
2003; Evans-White et al., 2005; Small & Pringle, 2010; Chapter 2). Variation in the 
elemental composition of consumers also occurs within species, however, and 
ontogenetic shifts in particular have been associated with changes in elemental 
composition (Schulz, 1996; Villar-Argaiz et al., 2000; Carrillo et al., 2001). 
Furthermore, the P content of consumers is generally more variable than the N 
content (Sterner & Elser, 2002; Chapter 2 & 3): high P concentrations have been 
 
R
2
 = 0.96 
P = 0.003 
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linked with an increased content of ribonucleic acid (RNA) during periods of 
elevated growth (Elser et al., 1996; Dobberfuhl, 1999). This has led to the growth 
rate hypothesis as an explanation of the variation in C:N:P of consumers (Sterner & 
Elser, 2002), which states that differences in consumer C:N:P are caused by 
differential allocation to the RNA necessary to meet the demands of protein 
synthesis. In this study, however, differences in elemental ratios with feeding mode 
within taxonomic groups appeared to be related mainly to resource quality and were 
apparently unrelated to growth rate (Chapter 2). The importance of elemental 
composition of resources was further underpinned by a significant correlation 
between C:P of consumer taxa and the C:P of their actual diet (Chapter 3, Fig. 3.4). 
If consumers display a degree of plasticity in their elemental composition linked to 
the supply from resources, care will have to be taken when interpreting the potential 
effect of stoichiometric imbalances on consumer growth and production. That is, a 
small arithmetic difference may not necessarily indicate little impact of the 
imbalance if the consumers display plasticity. 
Arithmetic differences between consumer and resource elemental composition 
calculated from either assumed diet ([1], Fig. 6.1) or from actual gut contents ([2], 
Fig. 6.1) are static measures of relative quality and do not take into account the rate 
of supply of elements from resources (Fig. 6.1). Dynamic measures of elemental 
constraints that provide information on the rate of supply of elements from resources 
are required if we are to understand their influence on ecological processes. 
Combining the results from gut contents analysis with the rate of ingestion of 
resources gives a dynamic measure of the rate of supply of elements from resources 
(Chapter 4). Comparing the rate of supply of elements with the rate of secondary 
production of the consumer taxa gives a measure of the rate of supply per unit 
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production (i.e. how much C, N & P was ingested per unit secondary production). 
Taking this one step further, and comparing the relative rate of supply of the 
individual elements per unit production, gives a measure of the elemental ratios of 
the supply of elements per unit production. Furthermore, the difference between the 
relative supply ratios and the mean elemental composition of the consumers provides 
a community level measure of imbalance, the ‘relative supply rate imbalance’ ([3], 
Fig. 6.1; Chapter 4). The large inputs of detritus to the base of the food web in 
Tadnoll Brook resulted in supply per unit production ratios of 17.1, 20.6 and 326 for 
N:P, C:N and C:P, respectively (Chapter 4). These supply ratios of carbon to 
nutrients were much higher than the elemental composition of consumers, resulting 
in supply rate imbalances due to an excess rate of C supply. This imbalance resulted 
in a low overall average community assimilation efficiency of 10.8%, compared with 
literature values generally ranging from 70-95% for animal prey, 30-60% for 
periphyton diet and 5-30% for detritus (Pandian & Marian, 1986). However, the 
community imbalance was ameliorated in comparison to the nutrient poor detrital 
systems in Coweeta studied by Cross et al. (2007; Chapter 4). Secondary production 
in detritus-based systems is inherently reliant on nutrient poor resources but it 
appears that the level of imbalance is related to the availability of inorganic nutrients 
(Cross et al., 2003; Small & Pringle, 2010; Chapter 4). However, even in the nutrient 
enriched system studied here stoichiometric imbalances, and in particular the supply 
of N and P, appear to be constraining secondary production. 
Having established a rate of supply per mass of production, a community-wide 
‘relative rate of demand’ for elements was calculated by weighting the elemental 
composition of consumers by their relative contribution to secondary production 
(Chapter 5). A comparison between these rates provides a measure of community 
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wide imbalance ([4], Fig. 6.1) incorporating dynamic measures of both supply and 
demand and, therefore, a measure close to a true community imbalance. The nutrient 
rich system studied here had a strong community wide imbalance: whilst an 
increased supply of high quality resources in the form of in-stream primary 
producers did not reduce the actual diet imbalance ([2], Fig. 6.1; a static measure), 
the community wide imbalance ([4], Fig. 6.1; a dynamic measure) was reduced 
(Chapter 5). An increase in secondary production of the system coincided with a 
reduction in the community wide imbalance. Hence, it appears that the stoichiometric 
constraints on the study system were relaxed when there were more high quality 
resources available, resulting in a community level response in the key ecosystem 
process, secondary production. In the year after the removal of the tree canopy, both 
the standing stock of primary producers and the annual rate of ingestion increased. 
This increased rate of ingestion was not restricted to high quality resources, as the 
ingestion rate of poor quality detritus also increased (Chapter 5). Notwithstanding the 
importance of the rate of ingestion in determining the supply of elements from 
resources, the reduced community wide imbalance in the year after tree-felling was 
associated with an increase in community wide assimilation efficiency from 10.8% 
before tree-felling to 14.2% after tree-felling, suggesting an improvement in the 
quality of consumed resources. 
The increased secondary production associated with reduced stoichiometric 
imbalances in Tadnoll Brook supports the work of Cross and co-workers at Coweeta 
(N. Carolina) in a nutrient poor detritus-based headwater stream to which nutrients 
were added (Cross et al., 2003; Cross et al., 2006; Cross et al., 2007). However, the 
relaxation of stoichiometric constraints in Tadnoll Brook was not due to nutrient 
addition but to an increased supply of high quality in-stream primary production. 
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There appeared to be little change in secondary production during the winter after 
removal of the tree canopy: After tree felling the majority of the increase in 
secondary production took place during the main photosynthetic period, the summer, 
when light intensity and primary production was highest. In line with findings from 
nutrient enrichment studies of autotrophic lake ecosystems, small primary consumers 
benefitted most from the increased supply of autochthonous primary production 
(Sprules & Munawar, 1986; Cyr et al., 1997; Finlay et al., 2007). In the nutrient 
enrichment experiment at Coweeta it was also found that the abundance and biomass 
of small primary consumers increased during the first year; after five years of 
nutrient addition, however, the larger bodied consumers increased in biomass and 
abundance, whereas the small primary consumers returned to pre-treatment values 
(i.e. a new equilibrium was attained; Davis et al., 2010). It is possible that the 
duration of the study of Tadnoll Brook was insufficient to reveal the full impact on 
the generally longer-lived, larger consumers. At Coweeta, the reduced imbalance was 
driven by a year-round increase in elemental quality of the detritus, whereas the 
reduction in community wide imbalance in Tadnoll Brook was driven by a larger 
supply of high quality autochthonous primary producers during the summer. The 
temporal nature of the reduced imbalance in Tadnoll Brook makes it is more likely 
that r-selected opportunistic consumers would benefit the most from the increased 
supply of high quality resources. 
Only when applying the dynamic community wide imbalance was a reduction in 
imbalance detected, as the static measures (actual and assumed diet imbalance) did 
not take into account supply and demand. Nevertheless, the dynamic community 
wide imbalance is measured at the community level and stoichiometric imbalances 
‘work’ at the organismal level, although it is at the ecosystem level that we see 
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effects on species composition and ecosystem processes (Schade et al., 2005). In this 
study I was interested in stoichiometric constraints at the ecosystem level and the 
effect of changes in the rate of supply of high quality resources in a detritus based 
system at the community/ecosystem level. The principle of dynamic measures of 
imbalance could, however, also be applied at the level of the individual taxon and 
could potentially provide information on changes in interspecific competition with 
changes in supply of resources/elements. Such an approach could potentially give us 
measures of threshold elemental ratios for changes in competitive dominance of 
species using similar food resources.  
Arithmetic differences in the elemental ratios between resources and consumers in 
detritus-based headwater streams have highlighted the potential stoichiometric 
constraints on consumers in these systems, as well as other systems dependent upon 
detritus (both aquatic and terrestrial). However, this study has emphasised that static 
measures of imbalance, based on both assumed and actual diet, can be misleading 
and a dynamic measures of both supply and demand (Chapter 5; [4] Fig. 6.1) results 
in a more accurate understanding of the stoichiometric constraints on secondary 
production. This work significantly contributes to the understanding of ecological 
stoichiometry of detritus based lotic systems and its impact on key ecosystem 
processes such as growth, secondary production and community dynamics. 
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Taxonomic resolution of consumer taxa 
Taxa Identification Level 
Ephemeroptera Species 
Plecoptera Species 
Trichoptera Species 
Megaloptera Species 
Neuroptera Species 
Odonata Species 
Coleoptera
 
Species 
Hemiptera Species 
Hirundinea Species 
Tricladida Species 
Malacostraca Species 
Entomostraca Order 
Gastropoda Species 
Lamellibranchia
 
Genus 
Diptera Family/Subfamily 
Oligochaeta Family 
Arachnida Suborder 
Nematoda Phylum 
Teleostomi Species 
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Higher 
taxonomic 
grouping Family Taxon FFG
Agnatha Petromyzontidae Lampetra planeri (Bloch) FCG
Bivalvia Sphaeriidae Pisidium sp. CF
Coleoptera Dryopidae Dryops ernesti des Gozis CG
Dytiscidae Oreodytes sanmarkii (Sahlberg) PR
Platambus maculatus (Linnaeus) PR
Elmidae Elmis aenea  (Müller) CG
Esolus parallelepipedus (Müller) CG
Limnius volckmari (Panzer) CG
Oulimnius sp. CG
Riolus subviolaceus (Müller) CG
Gyrinidae Gyrinus sp. PR
Orectochilus villosus (Müller) PR
Haliplidae Haliplus grp. CG
Helophoridae Helophorus brevipalpis Bedel CG
Helophorus minutus Fabricius CG
Hydraenidae Ochthebius dilatatus Stephens CG
Hydrophilidae Hydrobius fuscipes (Linnaeus) CG
Scirtidae Elodes sp. CG
Diptera Ceratopogonidae Ceratopogonidae indet. PR
Chironomidae Chironomini indet. CG
Diamesinae indet. CG
Orthocladiinae indet. CG
Prodiamesa olivacea (Meigen) CG
Tanypodinae indet. PR
Tanytarsini indet. CG
Culicidae Culicidae indet. CF
Dixidae Dixa nebulosa Meigen CF
Empididae Chelifera sp. PR
Clinocera sp. PR
Hemerodromia sp. PR
Ephydridae Ephydridae indet. CG
Limoniidae Eloeophila sp. PR
Limoniidae indet. (Excluding Eloeophila sp. ) PR
Muscidae Limnophora sp. PR
Pediciidae Dicranota sp. PR
Psychodidae Boreoclytocerus sp. CG
Pericoma sp. CG
Psychoda grp. CG
Ptychopteridae Ptychoptera paludosa Meigen CG
Rhagionidae Rhagionidae indet. PR
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Higher 
taxonomic 
grouping Family Taxon FFG
Diptera Simuliidae Simuliidae indet. CF
Tabanidae Chrysops sp. PR
Tabanidae indet. PR
Tipulidae Tipula montium grp. CG
Entomostraca Cladocera* Cladocera indet. CG
Copepoda
*
Copepoda indet. CF
Ostracoda
*
Ostracoda indet. CG
Ephemeroptera Baetidae Baetis sp. CG
Centroptilum luteolum (Müller) CG
Procloeon pennulatum (Eaton) CG
Caenidae Caenis rivulorum Eaton CG
Ephemerellidae Serratella ignita (Poda) CG
Ephemeridae Ephemera danica Eaton CG
Heptageniidae Heptagenia sulphurea (Müller) SC
Leptophlebiidae Habrophlebia fusca (Curtis) CG
Paraleptophlebia submarginata (Stephens) CG
Gastropoda Acroloxidae Acroloxus lacustris (Linnaeus) SC
Ancylidae Ancylus fluviatilis (Müller) SC
Hydrobiidae Potamopyrgus antipodarum (Gray) SC
Lymnaeidae Galba truncatula (Müller) SC
Radix balthica (Linnaeus) SC
Stagnicola palustris (Müller) SC
Physidae Physa fontinalis (Linnaeus) SC
Planorbidae Planorbidae indet. SC
Succineidae Succinea sp. SC
Valvatidae Valvata cristata Müller SC
Hemiptera Veliidae Velia caprai Tamanini PR
Hirudinea Erpobdellidae Erpobdella octoculata (Linnaeus) PR
Trocheta sp. PR
Glossiphoniidae Alboglossiphonia heteroclita (Linnaeus) PR
Glossiphonia complanata (Linnaeus) PR
Helobdella stagnalis (Linnaeus) PR
Theromyzon tessulatum (Müller) PR
Piscicolidae Piscicola geometra (Linnaeus) PR
Hydracarina Hydrachnidae Hydracarina indet. PR
Hydrozoa Hydridae Hydra sp. CF
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Higher 
taxonomic 
grouping Family Taxon FFG
Malacostraca Asellidae Asellus aquaticus (Linnaeus) CG
Crangonyctidae Crangonyx pseudogracilis Bousfield CG
Gammaridae Gammarus pulex (DeGeer) CG
Microturbellaria Microturbellaria Microturbellaria indet. CG
Nematoda Nematoda* Nematoda indet. PAR
Neuroptera Sisyridae Sisyra terminalis Curtis PR
Odonata Calopterygidae Calopteryx splendens (Harris) PR
Cordulegastridae Cordulegaster boltonii (Donovan) PR
Oligochaeta Enchytraeidae Enchytraeidae indet. CG
Lumbricidae Eiseniella tetraedra (Savigny) CG
Lumbriculidae Lumbriculidae indet. CG
Naididae Naididae indet. CF
Oligochaeta Tubificidae Tubificidae indet. CG
Plecoptera Leuctridae Leuctra fusca (Linnaeus) CG
Leuctra geniculata (Stephens) CG
Leuctra nigra (Olivier) CG
Nemouridae Nemouridae indet. CG
Teleostomi Anguilidae Anguilla anguilla (Linnaeus) FPR
Cottidae Cottus gobio (Linnaeus) FPR
Gasterosteidae Gasterosteus aculeatus Linnaeus FPR
Salmonidae Salmo salar Linnaeus FPR
Salmo trutta Linnaeus FPR
Trichoptera Beraeidae Beraeodes minutus (Linnaeus) SC
Brachycentridae Brachycentrus subnubilus Curtis CF
Glossosomatidae Agapetus sp. SC
Goeridae Goera pilosa (Fabricius) SC
Silo nigricornis (Pictet) SC
Silo pallipes (Fabricius) SC
Hydropsychidae Hydropsyche pellucidula (Curtis) CF
Hydropsyche siltalai Döhler CF
Hydroptilidae Hydroptila sp. SC
Ithytrichia sp. SC
Oxyethira sp. SC
Lepidostomatidae Lasiocephala basalis (Kolenati) SH
Lepidostoma hirtum (Fabricius) SH
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CF = collector-filterer, CG = collector-gatherer, FCG = fish collector-gatherer; FPR 
= fish predator, PAR = parasite, PR = invertebrate predator, SC = scraper and SH = 
shredder. 
 
Higher 
taxonomic 
grouping Family Taxon FFG
Trichoptera Leptoceridae Adicella reducta (McLachlan) CG
Athripsodes sp. CG
Mystacides azurea (Linnaeus) CG
Oecetis testacea (Curtis) PR
Ylodes sp. CG
Limnephilidae Chaetopteryx villosa (Fabricius) SH
Drusus annulatus (Stephens) SH
Glyphotaelius pellucidus (Retzius) SH
Halesus digitatus (Schrank) SH
Halesus radiatus (Curtis) SH
Limnephilus lunatus Curtis SH
Limnephilus marmoratus Curtis SH
Melampophylax mucoreus (Hagen) SH
Potamophylax latipennis (Curtis) SH
Polycentropodidae Plectrocnemia conspersa (Curtis) PR
Polycentropus flavomaculatus (Pictet) PR
Polycentropus irroratus (Curtis) PR
Psychomyiidae Lype sp. SC
Tinodes waeneri (Linnaeus) SC
Rhyacophilidae Rhyacophila dorsalis (Curtis) PR
Sericostomatidae Sericostoma personatum (Spence) SH
Tricladida Dendrocoelidae Dendrocoelum lacteum (Müller) PR
Dugesiidae Dugesiidae indet. PR
Planariidae Planaria torva (Müller) PR
Polycelis felina (Dalyell) PR
Polycelis nigra (Müller) PR
* Taxonomic level other than family
